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Preface 


Organic chemistry is one of the most rapidly developing of the sciences. Each 
year, there are new applications of organic compounds, for example, in medicine, 
in agriculture, and in the new technologies such as optoelectronics and supercon- 
ductors; tens of thousands of new compounds are synthesized or isolated from 
natural sources; and new synthetic methods and reagents are introduced. It might 
seem to the student that ever more needs to be learned. 

Fortunately that is not so. The profound increase in our understanding of the 
pathways by which organic compounds react — their mechanisms of reaction — has 
provided a relatively simple superstructure on which the vast array of the facts of 
the subject can be hung. The mechanistic principles are relatively few, and yet 
they account for the enormous range of reactions of organic compounds. 

The purpose of this book is to show how these principles can be applied both 
to acquiring a knowledge of organic synthetic processes and to planning the 
construction of organic compounds. It is designed for those who have had no 
more than a brief introduction to organic chemistry. Nor is it intended to be com- 
prehensive; for example, the vast body of evidence on which reaction mechanisms 
are based is not included, nor are experimental details given. The object has been 
to convey a broad understanding rather than to produce a reference text. 

The book is in two parts. In Part I, reaction mechanism is set in its wider 
context of the basic principles and concepts that underlie chemical reactions: 
chemical thermodynamics, structural theory, theories of reaction kinetics, mech- 
anism itself, and stereochemistry. In Part II, these principles and concepts are 
applied to the formation of particular types of bonds, groupings, and compounds: 
for example, how small molecules can be built on to give larger ones by the 
construction of new carbon-carbon bonds, or how one functional group can be 
transformed into another. The final chapter in Part II describes the planning 
and detailed execution of the multi-step syntheses of several complex naturally 
occurring compounds. 

There have been numerous important developments since the second edition of 
this book was published, and every chapter has been brought up to date to include 
them. Among the more notable are: the stereochemical control of reactions, 
reflecting the need to synthesize efficiently compounds with several asymmetric 
centres; the use of organotransition-metal reagents, leading to a new chapter; the 
exploitation of lithium diisopropylamide (LDA) as a base in the formation of new 
C—C bonds; free-radical reactions for the synthesis of C—C bonds; uses of 
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organosilicon compounds; and subtle new protective and condensing reagents in 
polypeptide synthesis. 
The text is extensively cross-referenced and there is a detailed index. 


R. O. C. NORMAN 
J. M. COXON 
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Nomenclature and conventions 


Some readers of this book will have taken introductory courses in organic chem- 
istry in which the systematic nomenclature of the International Union of Pure and 
Applied Chemistry (IUPAC) was used; others will be used to the more common 
names of organic compounds. We have continued the practice of the previous 
editions of using common names for most simple compounds because this is still 
the language used by professional chemists — for example, in papers in the 
literature describing their research results - so that early familiarity with it is 
important. We have largely followed the conventions of the Journal of Organic 
Chemistry. 
Organic compounds are frequently expressed on paper by a formula such as 


CH, 
[CH CH2~CH, 
CH 


for 2-methylbutane. This can be cumbersome for all but small molecules, and we 
have generally used a convention in which a C—C bond is represented by a line; 
when more than one is present in an aliphatic chain, a zigzag line is used except 
for alkynes, which are linear; and hydrogen atoms attached to carbon are not 
shown. Examples are: 


butane 2-methyloutane trans-2-outene 
_ Bie we 
oO 
propyne 3-pentanone 3-methyi- t-butano! 


In Part II especially, we have also used abbreviations for groups such as Et 
(ethyl) and Bu' (tertiary butyl, or 2-methyl-2-propyl). 

In reaction schemes, when two or more reagents are present they are connected 
by hyphens, and when a compound is present which acts only as a solvent it 
follows an oblique; for example 


Mel - EtO™ / EtOH 


NOMENCLATURE AND CONVENTIONS 


indicates that the reactant is treated with methyl iodide and ethoxide ion in 
ethanol solvent. Notice the difference between 


NH> / NH 


and 


Na - NH3 


where ammonia is involved only as solvent in the former but as both solvent and 
reagent (the source of protons in reduction by sodium) in the latter. 
The following are the more frequently used common names with their usual 


representation. 


Aliphatic hydrocarbons 


ethylene CHy=CH 
propylene AS 
acetylene q-==—-H 
Alcohols 
isopropanol be 

OH 
t-butanol -- OH 
ethylene glycol HO on 

inacol 

HO OH 
Aldehydes 
formaldehyde CH,=O0 
acetaldehyde bare. 
propionaldehyde “~~So 
Ketones 
acetone aa 

fe) 
pinacolone 


ay 


Acids 


formic acid 
acetic acid 
propionic acid 
butyric acid 
acrylic acid 
oxalic acid 
malonic acid 
succinic acid 
glutaric acid 


adipic acid 


maleic acid 


fumaric acid 


glycolic acid 


lactic acid 


tartaric acid 


HCO2H 
AcOH 
“~COH 
~cOoH 
ACOH 
HO,C-COH 
HO»,C~ ~CO.H 
HO2C._->co,H 


HO,0C7 ~~ ~CO;H 


HO2C. 0H 
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xiv. © NOMENCLATURE AND CONVENTIONS 


Amines anisole PhOMe 
. benzaldehyde PhCHO 
methylamine MeNH y 
. ; benzoic acid PhCO.H 
dimethylamine MeoNH 
: ‘ Ph. Ph 
trimethylamine Me3N benzophenone na 
oO 
triethylamine EtgN OH 
catechol CX 
OH 
Other aliphatic : Sie Ph 
compounds cinnamic acid \7~CO,H 
cumene PhCHMe> 
diethyl ether Et,0 
Me 
chloroform CHCl, 
mesitylene 
carbon tetrachloride CCl, 
Me Me 
ethyl orthoformate HC(OEt)3 
acetonitrile MeCN phenol PhOH 
acrylonitrile 2~CN on CO2H 
phthalic acid 
diglyme (MeOCH,CH,)20 CO>H 


OH 
salicylic acid CX 
YO Cone CO>H 
oO 


acetoacetic ester 


: Ph 

stilbene NH Ph 
malonic ester EtO0,C~ ~COzEt styrene Phos 

toluene PhMe 

Me 

xylene Me 

Aromatic compounds + m- and p- isomers 
Ph 
acetophenone a 
fe) Common names for groups 


aniline PhNH» methyl, Me CH 
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ethyl, Et CH3CH, vinyl CH=CH 
isopropyl, Pri — (CH3),CH acetyl, Ac CH,CO 

butyl, Bu CH3CH2CH2CH, phenyl, Ph CeHs 

isobutyl (CH3)9CHCH, tolyl CH,—CeHy 
t-butyl, Bu' (CH3)3C tosyl 4-CH,—CgH,-$O,0 


neopentyl (CHg)3CCH, 
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Introduction to Part | 


The five chapters which comprise Part I] are concerned with the principles that 
govern organic reactions. 

In chapters 1-3, the principles of chemical thermodynamics, the theory of 
molecular structure, and the principles of reaction kinetics are briefly summarized 
(textbooks on physical chemistry should be consulted for detailed treatments); the 
emphasis in these chapters is on the application of the principles and theories to 
the structures and reactions of organic compounds. 

Thermodynamic principles show that a reaction will ‘go’ - that is have an 
equilibrium constant greater than unity — only if the products have a lower free- 
energy content than the reactants. The free energy of a species is related to its 
enthalpy, which is determined essentially by the strengths of the bonds it contains, 
and to its entropy, which is a measure of its degree of disorder: a low free energy 
corresponds to strong bonding forces and a high degree of disorder. From ther- 
modynamic considerations there follows, for example, an understanding of why it 
is possible to reduce acetylene to ethylene at room temperature and to carry out 
the reverse reaction at high temperatures, why small changes in structure can have a 
very large effect on the position of dynamic equilibrium between isomers, and 
why some ring-closure reactions occur so much more efficiently than equivalent 
bimolecular reactions. 

In the second chapter, the strengths of bonds and the shapes of organic com- 
pounds are related to the theories of molecular structure. Delocalized bonds 
are emphasized; for example, the different chemical behaviour of benzene and 
ethylene is related to the very large stabilization energy in benzene which arises 
from delocalization. Other properties of organic compounds that are of importance 
in synthesis, such as the acidities of C—H bonds in various environments, also 
follow from structural theory. 

That there should be a negative free-energy change is in practice a necessary 
but not a sufficient condition for a reaction to occur, for the rate at which it 
takes place may be negligible. Thermodynamic considerations alone indicate that 
hydrocarbons should not coexist with air, for the free-energy change involved in 
their oxidation to carbon dioxide and water is significantly negative; in practice, 
however, their rates of combustion at ordinary temperatures are negligible. The 
third chapter sets out the theories of reaction kinetics and the effects of tempera- 
ture on rate, and then introduces correlations of the rates of specific types of 
reaction with structure. 
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The planning of syntheses is helped considerably by an understanding of the 
mechanisms by which reactions occur. It must be emphasized that mechanisms are 
theories and not facts of the subject: they have been deduced from experimental 
observations and in some instances they transpire to be incorrect or at least in 
need of refinement. One should say, ‘the mechanism is thought to be’, rather than 
‘the mechanism is’. Nonetheless, the current mechanistic theories, which are 
surveyed in the fourth chapter, not only provide an intellectually satisfying and 
unifying picture of the complexity of reactions, but also enable predictions to be 
made, with increasing assurance as the degree of rationalization of the subject 
increases, of the effects which structural modifications will have on the course of a 
reaction. 

Stereochemistry — the study of the spatial relationships of atoms and bonds — 
would in the past have been a natural adjunct of the study of molecular structure. 
It is now as important to considerations of chemical dynamics as to those of 
chemical statics, and follows naturally, in the last chapter, the study of kinetics 
and mechanism. Indeed, it is closely intertwined with mechanism: many naturally 
occurring compounds have a complex and highly specific stereochemistry and it 
has only been through an understanding of the stereoelectronic principles of 
reactions that their syntheses have been successfully planned and executed. 


Chemical 
thermodynamics 


All chemical reactions are in principle reversible: reactants and products eventually 
reach equilibrium. In some cases, such as the esterification of an acid by an 
alcohol, 


RCOH + ROH == RCO,R + =O 


the position of the equilibrium is quite closely balanced between reactants and 
products, whereas in other cases the equilibrium constant is either very high or 
very low, so that the reaction goes essentially to completion in one direction or 
the other (given the appropriate conditions). From the point of view of devising 
an organic synthesis it is necessary to know whether the position of equilibrium 
will favour the desired product. The factors which determine the equilibrium 
constant of a reaction and its variation with changes in conditions follow from the 
principles of thermodynamics. 


Chemical systems are subject to opposing influences: the tendency to minimize 
their enthalpy (heat content), H, is opposed by the tendency to maximize their 
entropy (degree of disorder), S. Chemical reactions are usually carried out at 
constant pressure and under these conditions the compromise between the two 
trends is determined by the value of the function (H ~— TS): this function tends 
to decrease, and the compromise situation — equilibrium — corresponds to its 
minimum value. It is convenient to define a new function, G, the Gibbs free 
energy, as G = H — TS. A process will occur spontaneously if, as a result, G 
decreases and it will continue until G reaches a minimum. 

The principles of thermodynamics lead to an equation that relates the equilibrium 
constant, K, to the change in free energy accompanying a reaction. If the sums of 
the free energies of reactants and products in their standard states (i.e. for 1 mole 
at a pressure of 1 bar) at temperature T are G! and G$ respectively, then the 
change in free energy on reaction, AG®, is G2 — G? and is given by 


RT In K = —-AG° 
where R is the gas constant (8.314) K7™' mol™'). 


14 
Equilibrium 


1.2 
Free energy 
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1.3 
Bond energies 


A knowledge of the standard free energies of reactants and products thus 
enables us to predict whether a given set of reactants is likely to yicld a desired set 
of products. If AG® is negative, the equilibrium constant (greater than 1) is 
favourable to the formation of the products, whereas if AG®° is positive it is 
correspondingly unfavourable. 

Standard free energies have been measured for a number of organic and 
inorganic compounds. For example, those of ethylene, ethane, and hydrogen in 
the gaseous state at 25°C are 68, —33, and 0kJ mol™' respectively. (By convention, 
the most stable allotrope of an element in its standard state at 25°C is assigned a 
free-energy value of zero. The scale of free energies is therefore an arbitrary one, 
but this is immaterial since we are always concerned with differences in free 
energies.) Therefore the reaction 


CoH, =— CoH, + Ho 


has AG® = +101kJmol~!, so that we cannot obtain ethylene from ethane in 
significant amount under these conditions although we may expect to obtain 
ethane from ethylene. Notice, however, that even though a free-energy change 
may be favourable, the rate of formation of the product may be too slow for the 
reaction to be practicable, or the reaction may take a different course (e.g. 
ethylene might react with two molecules of hydrogen to give two molecules of 
methane, which is also a thermodynamically favourable process). Fulfilment of 
the thermodynamic criterion is therefore a necessary but not a sufficient condition 
for a reaction to occur. The factors which control rates of reaction and the 
pathways which reactions take are discussed in subsequent chapters. 

Thermodynamic data also give no information about the reasons why the free 
energies of compounds have particular values. Ethylene, for example, has a 
positive standard free energy of formation, whereas that for ethane is negative; 
that is, ethylene is unstable with respect to carbon and hydrogen and ethane is 
stable. These are empirical facts; the reasons underlying them lie in the realm of 
theory, namely, the theory of chemical structure and bonding, which is discussed 
in the next chapter. 


Since G° = H® — TS° and RT In K = —AG?*, it follows that 
RT In K = —AH® + TAS° 


Therefore a knowledge of the differences between the enthalpies and entropies of 
reactants and products gives information about whether a reaction will ‘go’. This 
is generally a more useful approach than considering free-energy differences, for 
three reasons: free energies are not known in most cases; enthalpy differences — 
the heats of reactions ~ can be calculated with reasonable precision from those of 
reactions which have been measured; and entropy differences can usually be 
inferred to the accuracy required (section 1.4) (in the conditions of most organic 
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reactions the TAS® term is in any case much smaller than the AH® term). 

The calculation of enthalpy differences is based on the first law of thermo- 
dynamics: if the heats of the reactions A > B and B — C are respectively x and y, 
then that of the reaction A > C is (x + y), since otherwise it would be possible to 
construct a cycle of reactions that generated energy, in contravention of the first 
law. The calculations are facilitated by constructing a table of bond energies, 
taking as the reference point the heat of formation of molecules from their 
constituent atoms. For example, the bond energy of the C—H bond is defined as 
one-quarter of the heat of the reaction 


CH, (g) —~ CQ) + 4H) 


since four C-—H bonds are broken in this process. It is not possible to determine 
this experimentally, but it can be calculated since it is the sum of the heats of the 
following reactions which have been measured*: 


CHy(g) + 205(g9) — = CO2(9) + 2H20 (I) 
COz2 (g) — C(s) + O2{g) 
2H2(g) + O2(9) 


2 H20 (I) — 
2H2(g) — 4H(Q) 


C(s) C (9) 

The importance of bond energies is that, to a close approximation, they are 
constant for a particular bond in different structural environments, so that, given 
the bond energies 414, 357, and 462kJmol~' for C—H, C—O, and O—H 
bonds respectively, the total bond energy of methanol that contains three C—H, 
one C—O, and one O—H bond, is calculated to be 2061kJ mol™', in fair 
agreement with the experimental value (1985 kJ mol~') derived from the heat of 
combustion of methanol. 

Bond energies for a number of commonly occurring structural units are given in 
Table 1.1. 

Bond energies quoted above are average bond energies and it is often more 
useful to know the energy required to break a particular bond in a compound, i.e. 
the bond dissociation energy. Although the O—H bond energy is, by definition, 
one-half the heat of formation of water, in fact a greater quantity of energy is 
required to break the firsts O—H bond in water (H,O — HO + H; AH = 
491k] mol~') than the second (HO > O + H; AH = 433kJ mol~'). The bond 
dissociation energy is therefore greater than the bond energy and this is commonly 
the case, except for diatomic molecules for which the values are necessarily 
identical. Some typical bond dissociation energies are set out in Table 1.2. 

*The heat of the last reaction, the atomization of carbon, is necessary because the heat of formation 


of carbon dioxide is measured for solid carbon whereas bond energies refer to atoms, i.e. ‘gaseous’ 
carbon. 
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Table 1.1 Bond energies (kJ mol~') at 25°C 


H—H 435 C—C 347 C—O 357 
H—F 560 C=C 610 C=O? 694 
H—Ci 428 C=C 836 C=0° 736 
H—Br 364 N—N 163 C=0° 748 
HI 297 N=N 418 H—C 414 
F—F 150 N==N 940 H—N 389 
ci—Cl 238 C—N 305 H—O 462 
Br—Br 188 C=N 614 O—O 155 
I—I 150 C==N 890 S—S 251 


“In formaldehyde. >In other aldehydes. “In ketones. 


Table 1.2 Bond dissociation energies (kJ mol~') 


H—CH, 426 H—OH 491 CH,—F 447 
H—CH,CH, 401 H—NH, 426 CH;—CIl 339 
H—CH(CH;), 385 CH,—OH 376 CH;—Br 280 


H—C(CHs3); 372, CH3;—NH, 334 CH;—I 226 
H—CH,Ph 322 CH;—CH; 347 CH,-——-NO, 238 


The premise on which the use of Table 1.1 is based, that bond energies are con- 
stant for a particular bond in different environments, requires closer examination. 
If it were strictly true, the heats of combustion of the three isomeric pentanes, for 
example, each of which contains four C—C and 12 C—H bonds, would be the 
same. In fact, they are different: CH3(CH2)3;CH3, 3533; (CH3)2CHCH2CH3, 
3525; (CH3)3CCHs3, 3513kJ mol~'. Nevertheless, the percentage differences are 
so small in this and many similar cases that bond-energy data are of considerable 
use. However, there are certain structural environments in which appreciable 
differences between observed and predicted bond energies occur. One example, 
in Table 1.1, concerns the carbonyl group, whose bond energy is nearly 10% 
greater in ketones than in formaldehyde, and is greater still (804kJ mol~') in 
carbon dioxide. 

A more general deviation occurs with conjugated compounds, that is, compounds 
possessing alternating single and double bonds. For example, consider the fol- 
lowing hydrogenations: 


AZ + 2h — “~~ = AH® = -238-7kJmol™! 
Nee es —— Cs AH = -254-2kI mol! 
If bond energies were strictly additive, the heats of hydrogenation in the above 
reactions should be the same since, in each, two C==C double bonds are converted 


into single bonds, two H—H bonds are broken, and four C—H bonds are 
formed. The lower value for 1,3-butadiene shows that this is a more stable 


CHEMICAL THERMODYNAMICS 


compound than predicted by examination of 1,4-pentadiene, and this proves to be 
so for other conjugated systems. We shall refer to the difference between predicted 
and observed values of heats of hydrogenation as the stabilization energy. 

The attachment of alkyl groups to an alkene also leads to the introduction of 
stabilization energy. For example, whereas the heat of hydrogenation of ethylene 
is 137kJ mol~', that of propylene (CH;CH==CH;: one alkyl group) is 126kJ mol“! 
and that of trans-2-butene (CH;CH==CHCH:: two alkyl groups) is 115kJ mol™', 
i.e. the stabilization energies are 11 and 22kJ mol™', respectively. 

For those cyclic, conjugated compounds which are aromatic (section 2.4b) heats 
of hydrogenation are in many cases very considerably less than the predicted 
values. The stabilization energies of benzene, naphthalene, and anthracene are 
respectively 150, 255, and 349kJ mol7!. 

An understanding of the origin of stabilization energies follows from current 
theories of molecular structure (chapter 2). It is necessary here to emphasize that 
bond-energy data must be used with care but that, nevertheless, conjugated and 
aromatic systems excepted, they provide a useful working basis for predictive 
purposes. 


Molecules undergo three types of motion: translation, rotation, and vibration. For 
each, in accord with quantum theory, only certain energy states occur. The 
entropy of a compound is related to the number of ways in which the molecules 
can be distributed amongst these energy states; the greater the number, the larger 
is the degree of disorder, i.e. the larger is the entropy. The total entropy is the 
sum of the individual contributions: 


Ste + Srot + Sviv 


The distribution of molecules amongst the energy states is governed by the 
Boltzmann distribution function: the number of molecules in an excited state, n,., 
as a fraction of the number in the lowest, or ground, state, 7, is given by n,/n; = 
exp(—e/kT) where ¢ is the energy difference and k is the Boltzmann constant. It 
follows that the larger the energy difference is, the smaller is the population of an 
excited state and so the smaller is the contribution to the entropy. In the extreme 
case, the first excited state could be so much higher in energy than the ground 
state that all the molecules would be in the latter: this would correspond to 
complete order and therefore to S = 0. Conversely, the more closely spaced the 
energies of the states, the more heavily populated the excited states will be: the 
number of permutations possible for the arrangement of the molecules increases 
and the entropy rises*. 

The translational energy levels of a molecule are very closely spaced, so that 
the higher levels are well populated and S,, is relatively large; for example, for 


* If, for example, the spacing of the levels is such that, of six particles, one is likely to be in the excited 
state, then, since any one of the six may be that particle, there are six ways in which the system can be 
arranged; if two are likely to be in the excited state, the number of possibilities is 30; and so on. 


1.4 
Entropies 


9 


10 


PRINCIPLES OF ORGANIC SYNTHESIS 


methane S?. = 144JK~'mol™! at 25°C. Rotational energy levels are less closely 
spaced and S,,, is correspondingly smaller; for example, S®,, = 32) K~'mol™' for 
methane at 25°C. 

There are two forms of vibrational motion: stretching and bending vibrations*. 
The energy levels for stretching vibrations are usually widely spaced, so that the 
vibrational contribution to the entropy is negligible. The energy levels for bending 
vibrations are closer together and the contribution to the entropy, particularly for 
a molecule which has a large number of bending modes, is significant. 

Many polyatomic molecules possess entropy by virtue of their undergoing 
internal rotations which correspond to bending vibrations. For example, the 
methyl groups in ethane, CH,—CHs, rotate with respect to each other, so that 
the molecule can adopt any of a number of possible conformations. In one of the 
two shown in the projection diagram below, the hydrogen atoms on adjacent 
carbons eclipse each other, and in the other they are fully staggered (p. 27). Two 
conformations of butane, showing possible arrangements of the four carbon 
atoms, are also drawn. The conformations are not necessarily equally energetic: 
in butane, for example, the first of the below two structures is of lower energy 
content than the second, largely because of the repulsive forces between the two 
methyl groups in the latter (p. 28). Nevertheless, the energy differences are 
normally small, so that there is a contribution to the entropy of the molecule. The 
magnitude of conformational entropy increases with the number of available 
conformations and hence with the length of the chain of atoms. 


H H =H H CH 
ace" H CHg CH, : 
H H CH3 H 
H H H H H H H H 


The most significant aspects of the above discussion are, first, the importance of 
the translational entropy and, second, the significance of the conformational 
entropy. 

(i) Ina reaction which results in an increase in the number of species, such as 
the fragmentation A — B + C, there is a considerable increase in entropy 
because of the gain of three degrees of translational freedom. (There are also 
changes in the rotational and vibrational contributions to the entropy but these 
are normally much smaller and can be neglected for the present argument.) On 
the other hand, such reactions may result in a decrease in the number of bonds 
and, associated with this, an increase in the enthalpy of the system. The simplest 
example of such a reaction is the dissociation of the hydrogen molecule, H, > 
2H: (AH® = +435kJ mol~'). Even when there is no overall change in the number 
of bonds, there may still be an increase in the enthalpy of the system; an example 


* A non-linear molecule containing n atoms (n > 2) has 3n — 6 vibrational modes of which n — 1 are 
stretching modes and 2n — 5 are bending modes, together with three translational and three rotational 
degrees of freedom. 
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is the dehydrogenation of ethylene, CH,>==CH, ~ CH==CH + H) (AH® = 
+167kJ mol™'). In these cases, the enthalpy and entropy terms are opposed and 
whether AG’ is negative or positive (and hence whether K is greater or less than 
unity) depends on whether the gain in translational entropy is larger or smaller 
than the increase in enthalpy. 

For the dissociation of the hydrogen molecule at 25°C, AS, ~ 100J K7'mol7!, 
and for the dehydrogenation of ethylene, AS,, ~ 117] K~' mol” '. The contributions 
from the increase in translational freedom to the decrease in free energy during 
the forward reaction (=TAS®) at 25°C are therefore ~30 and 35kJmol™', re- 
spectively. In each case, these values are far smaller than the values for the 
increase in enthalpy, so that AG® is large and positive and equilibrium lies 
essentially completely to the left. In general, this is true of such fragmentations 
unless AH?” is less than about 40 kJ mol™'. 

At much higher temperatures, however, this situation may be reversed. For 
example, for the dehydrogenation of ethylene at 1000°C, AS,, ~ 150) K~' mol™!, 
so that TAS® ~ 190kJ mol~'. The free-energy change is now significantly negative 
and equilibrium lies almost completely to the right so, whereas it is possible to 
reduce acetylene at or near room temperature to obtain ethylene, it is also 
possible to dehydrogenate ethylene at very high temperatures in order to produce 
acetylene and this process has been used industrially. 

In contrast to fragmentations, the entropy changes which accompany reactions 
in which there is no change in the number of species, such as A + B—> C + D, 
are usually small: for a typical case, the esterification of acetic acid by methanol, 
AS}, is -4-6J K~' mol! at 25°C, equivalent to a contribution of only 1-4kJ mol! 
to the free-energy change at this temperature. The equilibrium constant in such 
reactions tends, therefore, to be governed over a wide temperature range by the 
enthalpy change. However, exceptions to this generalization occur when, par- 
ticularly in equilibria involving ions, one or more of the species is solvated; entropy 
changes associated with the ‘freezing’ of solvent molecules become important. 

(ii) Consider the equilibrium between 1-hexene and cyclohexane, 


~we = O 


for which K = 6 x 10° at 25°C. The enthalpy change is favourable: AH® from 
bond-energy data is —84kJ mol”', in close agreement with the experimental value 
of ~82kJmol~'. If this factor alone were involved, K would be ~10'*. The 
entropy change is, however, unfavourable because the number of conformations 
of 1-hexene (which arise from rotations about C—C bonds) is much greater than 
that for cyclohexane, where rotations are restricted by the ring structure. It is this 
factor which accounts for almost the entire entropy change of —86-5JK~'mol™!. 

For the formation of the six-membered ring above, the entropy change, 
though markedly negative, does not offset the favourable enthalpy change: AG° is 
~52kJ mol~'. Smaller rings, however, are strained because the bond angles are 
distorted from their natural values (section 2.4a) so that the AH term is less 
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1.5 

Further 
applications of 
thermodynamic 
principles 


favourable. Although less internal freedom is lost on ring closure (for the smaller 
open chain compounds have fewer possible conformations), the free-energy change 
is less favourable. This is also true of the formation of larger rings, for although 
the ring strain is very small (for 7- to 11-membered rings) or zero (for larger rings) 
(section 2.4a), the loss of internal freedom increases with increase in ring size. 


(a) Tautomerism 


In principle, it might be possible to establish equilibrium between any two isomers, 
e.g. 


CH; 
CHs3 ~ = H— CH 
CH 3 
= CHy 


In practice, it is common to find that conditions are not available for attainment 
of the equilibrium: each isomer may be isolated and is stable with respect to the 
other indefinitely. However, there are many systems in which isomers exist in 
dynamic equilibrium; their interconversion involves the detachment of a group 
from one position and its re-attachment at another. The isomers are then known 
as tautomers and the phenomenon as tautomerism. 

The most frequently encountered tautomeric systems are those in which the 
tautomers differ in the position of a hydrogen atom. For example, 2,4-pentanedione 
consists of a mixture of keto and enol forms: 


CHa CHa 


(on ©) OH O 


| 
4 


keto tautomer enol tautomer 


Its solution in hexane consists of 8% of the keto tautomer and 92% of the enol 
tautomer and it exhibits the reactions typical of both the carbonyl group, C=O, 
and the enol group, C==C——OH. On the other hand, acetone, whose tautomeric 
equilibrium is also between keto and enol forms, 


CH, CHg —s CH yee 
a on 


contains only about 107°% of the enol. 
The entropy changes in these reactions are negligible and the reason for the 
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difference between them lies in the enthalpy terms. The equilibrium constant for 
the enolization of acetone, c. 107’, corresponds to an enthalpy change in favour 
of the keto form* of c. 39kJ mol™', and this is consistent with the bond-energy 
data in Table 1.1 which show that replacement of C=O, C~-C, and C—H 
bonds in the keto form by C—O, C=C, and O—H bonds in the enol is strongly 
endothermic. The enthalpy change for enolization of the dione, for which K is c. 
11, is c. 6.6kJ mol”! in favour of the enol form: relatively, therefore, the enol 
form of the dione is about 45 kJ mol~' more stable than the enol of acetone. 

This difference can be accounted for by two factors which increase the bonding 
of the enol form of the dione compared with that in the enol form of acetone. 
First, the C==C bond in the former is conjugated to C=O, corresponding to a 
stabilizing interaction of about 17kJ mol~'. Second, its hydroxylic hydrogen is 
hydrogen-bonded to the carbonyl group (p. 34), 


and the strength of this bond is about 25 kJ mol™'. These two effects provide extra 
bonding of 42kJ mol™', in close agreement with the experimental value.‘ 
In contrast, phenol exists essentially entirely in the enol form: 


OH 0 
H 
an: H 


This is because the enol possesses the stabilization energy of the aromatic ring (c. 
150kJ mol~') whereas the keto tautomer, which is conjugated but not aromatic, 
has a very much smaller stabilization energy (c. 20kJ mol~'): the enthalpy change 
is therefore strongly in favour of the enol. 

The situation is different when a second phenolic group is introduced, meta to 
the first, 


OH O 


H 
Ol ; 
OH e) 


*If AS® = 0, RTINK = -AH®; RT = c. 2.4kJmol”! at room temperature, whence AH® = c. 
39kJS mol“! 

‘In water, 2,4-pentanedione consists of 84% of keto and 16% of enol tautomer. The keto tautomer is 
now stabilized by hydrogen-bonding of its two carbonyl-oxygen atoms with the solvent, effectively 
nullifying one of the stabilizing influences in the enol tautomer. 
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Simple calculation leads to a AH® value close to zero, essentially because two 
strongly bonded carbonyl groups are present in the keto structure to offset the 
aromatic stabilization energy of the enol. Consistent with this, m-dihydroxybenzene 
has properties characteristic of both a phenol and a ketone: for example, it 
undergoes the rapid electrophilic substitutions such as bromination which are 
characteristic of phenols (p. 386) and it is reduced by sodium amalgam to 1,3- 
cyclohexanedione in the manner characteristic of af-unsaturated carbonyl com- 
pounds (p. 638). An extension of the argument rationalizes the behaviour of 1,3,5- 
trihydroxybenzene, which is more fully ketonized. 

Many other systems of general structure X==Y—Z—H are tautomeric: 
X= Y—Z—H = H—X— Y= Z. Those most frequently met are the following: 


Cy 
carbon triad Cue = C7 ¢ 
{ 
H H 
eg.* PhCH2CH =CH, = PhCH==CHCH3 
va N ~ eA N ~ 
azomethine q *¢c — C@ 
H H 
eg. ArCH2N=CHAr = ArCH=NCH2Ar 
(om fon 
it ‘ 
nitro-aci-nitro c” Xo = c* pee Oo 
t ' 
H H 
P 
eg. CH3-——-NO, — CH2= N 
OH 
a N A N 
nitroso-oxime ¢ *O =— Cc” “9 
H H 
Ny 
eg. CH3-NO =— CHe "4 
H 
¢ N ~ 4 N s 
diazoamino : \N = N~ " 
H H 
e.g. ArNHN==NAr = ArN==NNHAr' 


* Equilibrium, attained by heating with a strong base, lies to the right because the product possesses 
stabilization energy owing to the conjugation between the C==C bond and the aromatic ring. 
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Tautomerism in which the tautomers differ in the position of a hydrogen atom 
is referred to as prototropy, for the mechanisms of interconversion involve the 
removal of a proton from one position and the gain of a proton at the other (pp. 
145, 146). There are also systems in which the migrating group is of anionic type, 
such as hydroxyl, and this form of tautomerism is referred to as anionotropy. For 
example, alcohols (a) and (b) form an equilibrium mixture when either is treated 
with dilute sulfuric acid at about 100°C:* 


OH OH 
(a) {b) 
30% 70% 


As with prototropic systems, the equilibrium constant in anionotropic systems is 
strongly dependent upon the structures of the tautomers. For example, although 
in the anionotropic system above the equilibrium is relatively balanced between 
the tautomers, in the equilibrium between (c) and (d), 


Ph H Ph 
Sch, = ACH, 
OH OH 
(c) (a) 


equilibrium is so strongly in favour of the latter tautomer that the former is not 
detectable in the equilibrated mixture. 

The position of equilibrium ts dictated mainly by the enthalpy term, for the 
entropy change in a reaction A = B is small. The more highly conjugated of two 
tautomers is therefore the predominant one at equilibrium, for it possesses the 
larger stabilization energy: the conjugated alcohol (d) has a lower enthalpy than 


* The acid acts by protonating the hydroxyl group in small degree; water leaves the molecule to form a 
delocalized cation (p. 110) which it can re-attack at either of two carbon atoms. Repeated reactions of 
this type lead to the equilibrium mixture: 


1,2-Disubstituted alkenes such as (b) exist in isomeric forms, 


CH,OH 
CH, \Y>~CH,OH and ch, JJ 
trans-isomer cis-isomer 


Both are formed in these equilibria, but the trans-isomer is generally the more stable and predominates. 
For simplicity, only the trans-isomer is shown in this and later examples. 
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the non-conjugated alcohol (c). Neither (a) nor (b) is conjugated, but in the latter 
the C=C bond is attached to two alkyl substituents whereas in the former it is 
attached to one. This leads to a small enthalpy difference (p. 34). (The difference 
in free energies corresponding to an equilibrium of 70% (b) and 30% (a) is only 
2kJ mol! at 25°C.) 

The rates of interconversion in anionotropic systems vary widely, tending to be 
greater under given conditions when more highly conjugated systems are involved. 
This can be important in synthesis, e.g. an attempt to convert alcohol (c) into an 
ester in acid-catalyzed conditions would give the ester of (d): 


Paes aH, PMN Roam Ph Z 


OH OH a OCOR 


(b) Ring closure 


Organic reactions frequently lead to the formation of cyclic compounds from 
open-chain (acyclic) compounds. We shall consider two general classes of ring- 
closure reactions: (i) A > B and (ii) A> B + C. 

The comparison of a ring closure of type A — B with an analogous inter- 
molecular reaction is instructive. For example, acetaldehyde exists in aqueous 
solution in equilibrium with its hydrate: 


CHxcH=O + 4H,0 === CHgCH(Oh)» 


The equilibrium lies to the left, despite a favourable decrease in enthalpy, 
because of the unfavourable entropy change (—68-5JK~'mol™', equivalent to a 
contribution of 20-4kJ mol~! to AG® at 25°C) which results mainly from the loss 
of translational freedom. For the analogous equilibrium between the acyclic and 
cyclic forms of 5-hydroxypentanal, however, the equilibrium lies well to the right 
(K ~ 16): 


wes ee CT 
OH 


H 


This is because AS?, is zero and the principal source of the entropy change is the 
loss of internal freedom which, for six-membered cyclization, is less than the loss 
of translational freedom for the corresponding intermolecular reaction. 

The equilibrium between 4-hydroxybutanal HO— (CH2);—-CHO, and its cyclic 
form is slightly less favourable (K = 8) because, although the entropy factor is 
more favourable than for formation of the six-membered ring, the five-membered 
ring is slightly strained (p. 28) so that the enthalpy factor is less favourable. The 
equilibrium constants for the corresponding three- and four-membered rings are 
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negligible because ring strain is considerable* and those for rings with more 
than six atoms decrease rapidly because the entropy factor becomes increasingly 
unfavourable (for rings containing 7-11 members, there is also some internal 
strain). For example, K = 0-2 and 0-1, respectively, for the seven- and eight- 
membered rings. 


(c) Unstable compounds 


The use of the words stability and instability often gives rise to confusion. The 
thermodynamic definitions are clear: the stability of a compound refers to the 
standard free energy of its formation; a compound may be stable or unstable with 
respect to its elements. This use of stability must be distinguished from that 
relating to other reactions, for example a compound may be unstable to heat (e.g. 
a peroxide), to water (e.g. an acetal in the presence of acid) or to air (e.g. a 
drying-oil). We shall always refer to the conditions in which a compound is 
unstable and here draw attention to the thermal stability of organic compounds. 

Most organic compounds are stable to heat to temperatures of over 200°C, and 
since reactions are usually carried out below this temperature the decomposition 
of one of the reactants does not usually present a problem. Thermal instability 
within this temperature range is, however, associated with certain structural 
groups. The extent of decomposition at a particular temperature and within a 
given time does not depend directly on the thermodynamic properties of the 
material, but is determined by the rate of decomposition. Nevertheless, the rate is 
usually related to the thermodynamic properties (see section 3.6) and in general 
weaker bonds undergo faster bond-cleavage than stronger bonds. For example, 
the extent of decomposition of methane (Dc_1 = 426kJ mol™') is negligible at 
100°C, whereas that of dibenzoyl peroxide (Cs Hs;COO— OCOC,Hs — 2CgHsCO -; 
Do-o = 130kJ mol~') is about 50% after 30 minutes. 

Such instability may be usefully applied. For example, certain organic reac- 
tions may be initiated by the introduction of a reactive species such as the 
benzoyloxy radical (section 17.1) and these reactions can be brought about 
by adding dibenzoyl peroxide and heating to a temperature at which the rate 
of generation of benzoyloxy radicals brings about the initiated reaction at a 
practicable rate. 

Other commonly occurring weak bonds are those of the halogens. Many com- 
pounds containing C—H bonds may be chlorinated or brominated’ by being 


* a-Hydroxyaldehydes form dimers (six-membered ring) which revert to the monomers in aqueous 


solution: 
i al 
Oo 
HO. CHO 


r OH 


| 


2 


‘Fluorine is not normally introduced in this way since the reactions are so strongly exothermic 
(because of the very weak bond energy of F—F as compared with H—F and CF) as to be violent. 
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Problems 


heated with the halogen, reaction occurring through the mediation of halogen 
atoms, €.g. 


Cie. 4 eb “28 CHCl + ~~ HCI 


Again, however the thermodynamic criterion for a reaction to occur ultimately 
dictates the issue. In the chlorination of methane, AS° is very small and AH® 
(—100kJ mol’; cf. Tables 1.1 and 1.2) is dominant in the free-energy change. 
For the iodination of methane, however, AH® = +53kJ mol™! and the free-energy 
change is unfavourable so that despite the ease with which suitable conditions for 
iodination can be established (i.e. the generation of iodine atoms), reaction does 
not occur. 

Finally, certain compounds are unstable to heat not because they contain any 
intrinsically weak bonds but because decomposition can lead to the formation of a 
strongly bonded molecule. For example, azobisisobutyronitrile decomposes fairly 
rapidly below 100°C because of the favourable enthalpy change in the process 
owing mainly to the formation of the strongly bonded molecular nitrogen: 


CN 
CH CHy.. CH 
Ns ‘ ees 
me See i 
CHS” on CN 


Such compounds are also useful as initiators of free-radical reactions (section 
17.1). 


1. The bond energies (25°C) of C—C, C=C, C—H, and H—H are, respect- 
ively, 347, 610, 414, and 435 kJ mol~!. Calculate the enthalpy of the reaction, 


CH2=CH, + Ho —= — CH3—CH, 


In practice, the reduction of ethylene to ethane can be carried out readily at 
room temperature. Under what conditions might it be possible to carry out 
the reverse reaction? 


2. Estimate AH® (from the data in Tables 1.1 and 1.2) for the following 
reactions: 


(a) CH, + Ch === CHCl + HCI 
(b) CoHsOH =— CoH, + H,0 


(C) CH,CHO + H,Q === CH3CH(OH)2 


In which cases would you expect AS to contribute significantly to AG? Which 
are likely to have favourable equilibrium constants for the forward reaction at 
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room temperature? What would be the effect on the equilibrium constants of 
increasing the temperature? 


The entropy changes for the formation of ethyl chloride by (a) the chlorina- 
tion of ethane (C,H, + Cl, — C)H;Cl + HCl), and (b) the addition of 
hydrogen chloride to ethylene (CH2=CH, + HCl - C3H-Cl), are (a) +2 
and (b) - 130) K7' mol” '. Comment. 


For which of the following reactions would you expect K to be <1 at room 
temperature? (Assume that the entropy changes in the reactions of ethylene 
are all —130J)K~' mol”! and state any other assumptions you make.) 


CH2=CH> + Bro —_—_ Brion Br 


CH2=CH> + Ip —_—e I a 
CH, + Bro —_ CH Br + HBr 
CH, + Ip __e CHI + HI 


What effect would raising the temperature have? 


2 


2.1 
Bonding 


2.2 
The covalent 
bond 


Molecular structure 


The principles of thermodynamics relate the concentrations of chemical species in 
equilibrium to the enthalpies and entropies of those species. Bond energies, 
closely related to enthalpies, have precise values which may be measured, but 
thermodynamic principles give no information about the origin of these bond 
energies. It is the purpose of this chapter to show how the current theories of 
molecular structure lead to an understanding of the strengths of bonds and other 
physical properties of organic compounds. 


The two most commonly employed methods for describing the structures of 
organic compounds, each of which is related to the theories of wave mechanics, 
are the molecular-orbital (MO) and valence-bond (VB) methods. 


(a) The molecular-orbital method 


In this treatment, bonding is described as arising from the overlap of atomic 
orbitals (AOs) of the atoms involved, leading to the formation of molecular 
orbitals (MOs). The interaction of one AO on one atom with one on another 
gives two MOs, of which one is a bonding orbital (i.e. the energy is less than that 
of the separated atoms) and the other is an antibonding orbital (i.e. the energy is 
greater than that of the separated atoms). Like an AO, an MO can contain two 
electrons, so that if the interacting AOs are each associated with two electrons, 
both MOs are occupied and there is no resulting bonding. However, if each AO is 
associated with one electron, only the lower-energy, bonding MO is occupied and 
the greater the extent of overlap of these AOs, the stronger is the resulting bond. 
It is therefore necessary to consider the interaction of singly occupied orbitals — 
that is, unpaired electrons — and their geometrical relationship which determines 
how effectively they overlap. 

Atomic carbon has two electrons in its 1s orbital, two in its 2s orbital, and 
unpaired electrons in two of its 2p orbitals. Jt would therefore be expected to 
form only two bonds, whereas it is tetravalent in almost all stable organic 
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compounds; the few stable tervalent carbon compounds (free radicals) owe their 
stability to unusual structural features (p. 523) and divalent carbon species exist 
only as short-lived intermediates in certain reactions (e.g. p. 01). 

The tetravalence of carbon may be understood in terms of the concept of 
hybridization. The difference in energies of the 2s and 2p orbitals of the carbon 
atom is approximately 400kJ mol~', so for the expenditure of this amount of 
energy a 2s electron could be promoted to the empty 2p orbital giving four 
unpaired electrons and hence four covalent bonds. This proves to be thermo- 
dynamically practicable, for the formation of two extra covalent bonds more than 
offsets the excitation energy. However, an atom which forms bonds by using three 
unpaired p electrons and one unpaired s electron would yield a molecule lacking 
spherical symmetry because three of the bonds would be different from the 
fourth, whereas the saturated compound methane possesses spherical symmetry, 
the four bonds being directed towards the corners of a regular tetrahedron of 
which carbon is the centre. The only way in which four such equivalent bonds can 
be formed is by the ‘mixing’ of the three 2p orbitals and the one 2s orbital; the 
new orbitals are combinations of these and are described as sp*-hybridized orbitals. 

Moreover, as well as providing equivalent bonds, the hybridized orbitals are 
strongly directional, as shown in Figure 2.1. The resulting overlap with the AOs 
of four atoms which are suitably placed is greater than that which could be 
achieved by the three directional p orbitals and the non-directional s orbital. 


s p sp? 


Figure 2.1. The formation of an sp’-hybrid atomic orbital.* 


There are two other types of hybridization of particular importance. In one the 
2s orbital is mixed with two of the 2p orbitals, giving three sp?-hybridized orbitals 
which are coplanar and at 120° to each other. The remaining 2p orbital is 
perpendicular to this plane. In this state, two carbon atoms are able to form a 
double bond, one part of which arises from the overlap of two sp? orbitals along 
the internuclear axis (o-bond) and the other from the lateral overlap of the two p 
orbitals (n-bond), as shown for ethylene in Figure 2.2.* 


* Opposite phases of the wave function are represented in this book by plain and hatched arcas of the 
orbital’s contour (in some texts, + and — signs are used). They can be thought of as corresponding to 
the peaks and troughs of a wave: when two of like phase overlap they reinforce each other and give a 
bonding orbital, whereas the interaction of opposite phases is destructive and antibonding. 

'For clarity of presentation, the overlap of p orbitals to form 1-bonds will not normally be shown; 


instead, a typical representation will be: 
HW) OH 
Hn) GH 
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(a) o-bonds (6) xbond 


Figure 2.2 Orbital structure of ethylene. (a) Viewed perpendicularly to the plane of the sp” orbitals. 
(b) Viewed along the plane of the sp? orbitals. 


A number of properties of compounds containing carbon-carbon double bonds 
follow from this description. First, because the bond strength is related to the 
extent of overlap of the AOs, there is a tendency for the lateral interaction of 
the p orbitals to bring the nuclei closer together than in singly bonded molecules, 
the extra bonding offsetting the extra internuclear repulsion, e.g. the C==C 
bond length in ethylene is 0.134nm whereas the C—C bond length in ethane is 
0.154nm. Second, since lateral p-orbital overlap is not so effective as the sp” 
overlap along the internuclear axis, the a-bond is weaker than the o-bond. 
Consequently, the bond-energy of C=C is less than twice that of C—C (p. 8). 
Third, p-orbital overlap is reduced by rotation of one carbon atom relative to the 
other around the internuclear axis, falling to zero when the angle of rotation is 
90°. Since this results in reduction of the bond energy, there is a strong tendency 
for x-bonded systems to resist rotation. This gives rise to the existence of geometrical 
isomers, for the energy required to convert, e.g. cis-2-butene (1) into trans-2- 
butene (2) is far greater than is available at ordinary temperatures. Similarly, in a 
bridgehead alkene such as (3) the constrained geometry of the ring system would 
not allow effective p-orbital interaction and the thermodynamic stability of the 
compound would be correspondingly low. In fact, this compound cannot be 


obtained. 
CHg CH CHs H 
‘co = rod ‘c = ro 


(1) (2) (3) 


Nitrogen, like carbon, can form double bonds by promotion of one 2s electron 
followed by sp?-hybridization. Four electrons then occupy the three hybridized 
orbitals, one of the orbitals containing a pair of electrons and the other two 
orbitals each containing a single electron. The fifth electron occupies a p orbital 
perpendicular to the plane of the sp? hybrids. o-Bonds may then be formed by the 
singly occupied sp? orbitals and a x-bond may be formed by the p orbital, so that, 
for example acetoxime has the structure (4). 
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CH 
4 
aaa 
cnt OH 


(4) 

As in doubly bound carbon, the geometrical requirement for the lateral overlap 
of p orbitals leads to coplanar systems around the double bond and resistance to 
rotation. Geometrical isomerism, as in unsymmetrical oximes (5) and (6) and azo- 
compounds (7) and (8), therefore occurs. 


BN 2 sa x on 
C=N C=N N=N N=N 
/ / \ 
R OH R' R 
(5) (6) (7) (8) 


The third important type of hybridized orbital is obtained by the mixing of one 
2s and one 2p orbital. Two sp-hybridized orbitals are formed which point in 
opposite directions, and the remaining 2p orbitals are each singly occupied and 
are available for forming two n-bonds. The simplest example of a compound 
formed in this way is acetylene, which is constructed as follows: 


(b) The valence-bond method and the concept of resonance 


In this method, an unpaired electron on one atom is paired with one on another 
and the possible dispositions of the bonding pair are considered. For example, for 
hydrogen chloride three such dispositions are possible corresponding to the 
bonding pair being symmetrically located (H:Cl), on chlorine (H*CI~), and on 
hydrogen (H~CI*). The actual structure lies between these three and can be 
regarded as a weighted average of them, the weighting depending on the relative 
stabilities of the three. Since chlorine is so much more electronegative than 
hydrogen, H*CI~ is a more stable structure than H~CI* and the latter can be 
ignored. Hydrogen chloride is then described as a resonance hybrid of H:Cl and 
H*CI- and is written as 


H-Cl — Ht cl” 


The individual structures that contribute to the resonance hybrid are described as 
resonance structures (or sometimes as canonical structures). 
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2.3 
Delocalization 


A most important aspect of the concept of resonance, justified by wave- 
mechanical calculations, is that the actual structure is of lower energy (i.e. is more 
stable) than any of the individual resonance structures.* This proves to be of 
particular significance in understanding the structures and properties of conjugated 
systems (section 2.3). 


In both the MO and VB treatments of simple organic compounds, the bonds are 
regarded as localized. In MO language, they are formed by the pairing of electrons 
derived from two AOs by the appropriate overlapping of these AOs. The charac- 
teristics of a particular bond — its length and its strength — are determined solely by 
the natures of these AOs and are independent of other electronic features of the 
molecule. This is justified by the fact that a bond of given type has the same 
properties in a wide variety of structural environments. For example, a bond 
formed by two sp*-hybridized carbon atoms is always 0.154nm long with a 
strength of about 347kJ mol™!. 

The situation is different in conjugated molecules such as butadiene, CH.= 
CH—CH=CH,. First, the heat of hydrogenation of butadiene (238.7 kJ mol™') 
is less than twice that of 1-butene (126.7kJ mol” '), so that the compound is more 
stable by 14.7kJ mol~' than expected from the principle of additivity of bond 
energies. Secondly, the central C—C bond is 0.146nm long, compared with 
0.154nm for the C—C bond length in saturated compounds. The constancy of 
bond properties, which holds so well for saturated and simple unsaturated com- 
pounds and for which there is wave-mechanical justification, breaks down for 
conjugated systems. 

A new concept, again justified wave-mechanically, is introduced: namely, 
delocalization. In the MO method, butadiene is treated in the usual way insofar as 
its o-bonds are concerned, but the four 2p orbitals interact laterally over the 
whole length of the molecule to establish four delocalized n-MOs of which the two 
of lowest energy are occupied (Figure 2.3). The like-phase overlap of the p 
orbitals on C-1 and C-2, and on C-3 and C-4, in both 2, and 1 provides n- 
bonding between these pairs. The interaction between the p orbitals on C-2 and 
C-3 is bonding in 1, but antibonding in m2. However, the overlap is greater in 1, 
because the orbitals are larger, so that overall there is a degree of n-bonding 
between C-2 and C-3, consistent with the extra stability of the diene and the 
shorter length of the bond between C-2 and C-3 compared with that in an alkane. 

VB theory approaches the problem by developing the concept of resonance. 
The ionic structures (b) and (c) and the non-polar structure (d) (in which the 


*In wave-mechanical language, the wave function for the bonding pair, y, is given by 


Y = Weovalent + AV ome 
where A represents the relative importance of the wave function for the ionic structure, H*CI~. 
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Figure 2.3. Occupied 2-MOs in butadiene. 


single electrons on the terminal carbons are formally paired) contribute to the 
resonance hybrid: 


+ = 2 + : : 
CH,=CH~CH=CH, CH,-CH=CH-CH, CH,-CH=CH-CH,  CH,—CH=CH--CH, 


(a) () (c) (d) 


Since the structures (b), (c), and (d) contain one fewer covalent bond than (a), 
and the formation of (b) and (c) requires the expenditure of energy to separate 
unlike charges, the energies of (b), (c), and (d) are higher than that of (a) and the 
structures are of less importance in the hybrid. However, because each of the 
three describes the central C—C bond as a double bond, the complete wave 
function corresponds to there being some double-bond character in this bond, and 
its shorter length than that of C——C in a saturated molecule is accounted for. 
Moreover, inclusion of resonance structures (b), (c), and (d) leads to a lower 
energy than that corresponding to (a) alone. The value of the decrease in energy 
achieved by inclusion of the structures (b-—d) is defined as the resonance energy 
or, perhaps more satisfactorily, the stabilization energy of the molecule.* 

In its description of molecules like butadiene, the MO method is conceptually 
more satisfying than the VB method which refers to structures that have no real 
existence. However, the VB method has the advantage of being easier to express 
graphically when considering the reactions of organic compounds. It is widely 
used in this book. Nonetheless, it is easily misapplied and care must be exercised 
in its use. The following principles provide general guidance to its application. 


(é) Resonance is only significant when the contributing structures are of 
comparable energy. This is true, for example, of the two Kekulé structures for 


* The extra stability of conjugated compounds compared with non-conjugated compounds, as measured, 
for example, by heats of reduction, is not entirely attributable to delocalization. We would expect that 
the strength of a C—C bond would be dependent on the state of hybridization of each carbon atom. 

Then, since in the reduction of 1-butene an sp” ~$P° c—C bond is converted into an sp* sp C-—-C 
bond whereas in the reduction of butadiene an sp?-sp? C—C bond is converted into an sp*~sp*C--C 
bond, there could be a difference in the heats of hydrogenation of butadiene as compared with that of 
two molecules of 1-butene irrespective of there being a special stabilization associated with the x 
orbital system. Likewise, the smalicr length of the single C-—C bond in butadiene than that in 
saturated compounds could, at feast in part, result from the fact that sp?-hybridized carbon has a 
smaller covalent radius than sp*-hybridized carbon. 
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2.4 
Applications of 
structural 
theory 


benzene, (9) and (10), which have the same energy: the resulting stabilization 
energy is considerable (p. 36). It is not true, however, of the structures (11) and 
(12) for ethylene for which the high-energy structure (12) may be neglected; that 
is, inclusion of (12) has a negligible effect on the calculated energy. 


+ - 
CH)=CH, CH2~CH 


(9) (10) (11) (12) 


(ii) The nuclei in each of the resonance structures must be in the same relative 
positions. For example, the structure (14) does not contribute to the structure of 
isobutylene (13) but is instead the isomeric compound, trans-2-butene. 


CH, H HCH, 


\ 
C=C. O OQ) 
chf OH cof GH)-CH=CH-CH, 
(13) (14) (15) 


(iii) Only those structures should be included in which no atom is associated 
with more than the maximum number of electrons that its valence shell can 
accommodate. For example, RO==CHR is not a possible structure in the des- 
cription of the anion from an ether, RO—CHR, since ten electrons are associated 
with oxygen, whose maximum is eight; but RS==CHR is a possible structure in 
the description of the corresponding sulfur anion, because sulfur, having 
available 3d orbitals, can accommodate more than eight electrons in its valence 
shell. However, RO=CHR, corresponding to cight electrons in oxygen’s valence 
shell, is an allowed resonance structure in the description of the carbocation 
RO—CHR. 

(iv) Electron pairing must be conserved. The structure (15) does not contribute 
to the structure of butadiene but is a representation of an (electronically) excited 
state of this molecule in which the complete pairing of the ground state has been 
lost as the result of a spin-inversion. 


(a) Molecular structure and shape 


The origin of directed valencies has already been briefly discussed in terms of the 
shapes of atomic orbitals and hybridized orbitals. We shall now describe the 
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bonding and the geometry of the more important groups and systems in organic 
chemistry in the same way. 


(i) Saturated compounds. Methane has a tetrahedral structure because the four 
sp°-hybridized orbitals of carbon are directed towards the corners of a regular 
tetrahedron. Substitution of one hydrogen atom by, say, a chlorine atom to give 
CH;CI leads to a slight distortion of the tetrahedron because the repulsive forces 
between pairs of atoms, and pairs of electron-pairs, are no longer the same. This 
holds also for CH2Cl, and CHCl, but with CCl, the regular tetrahedral structure 
is again established. 

Substitution of one hydrogen in methane by a group of atoms leads to a 
different effect. In ethane, for example, not only is there a slight distortion from 
tetrahedral angles, but also different conformations are made possible by the axial 
symmetry of the C—C o-bond. Two of these, the staggered conformation (16) 
and the eclipsed conformation (17) are shown. They are perhaps more easily 
visualized by reference to the Newman projections (18) and (19), respectively, 
which correspond to viewing the molecule from one end along the C—C bond. 


H ; m 
H H H H H it 
JT " 
H H 
H uw H H H m - 
(46) (17) (18) (19) 


As a result of the interactions between pairs of protons, and pairs of electron- 
pairs, on the two carbon atoms, the conformations differ in energy. The staggered 
conformation is the most stable of all the possible conformations and the eclipsed 
conformation is the least stable: the difference in energy between these two 
extremes is about 12kJ mol~'. Application of the Boltzmann distribution relation- 
ship shows that at any instant there are about 100 times as many molecules in the 
staggered as in the eclipsed conformation. The difference in energies of these two 
conformations — the torsional strain — provides a barrier to rotation about the 
single bond, but this is so small that, at ordinary temperatures, rotation is 
extremely rapid. 

For more complex molecules a larger number of eclipsed and staggered confor- 
mations is possible. Four of those for butane, which differ in arrangement about 
the central C—C bond, are shown (20-23) and the variation of energy with 
rotation about this bond is shown in Figure 2.4. Rotation occurs rapidly so that it 
is not possible to isolate the anti and gauche conformations as discrete compounds. 

Alicyclic compounds with three members are necessarily coplanar and therefore 
possess not only angular strain (the CCC angle being 60° rather than the preferred 
tetrahedral angle) but also torsional strain, for the hydrogen atoms on adjacent 
carbons are eclipsed. For cyclobutane and cyclopentane and their derivatives, 
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CH, CH, CH Cis 
H H H CH, aN 
H H H H H RH H oh, 
less stable more stable 
anti gauche eclipsed eclipsed 
(20) (21) (22) (23) 
2 
& 
@ 
a 


0° 60° 120° 180° 240° =. 300° 360° 


Figure 2.4 Variation of the energy of butane with rotation about the central C—C bond. 


the tendency for the CCC angles to be as near to tetrahedral as possible would 
lead to the carbon skeletons being coplanar, but this situation corresponds to the 
complete eclipsing of the adjacent hydrogen atoms and it proves to be thermo- 
dynamically more favourable for the rings to buckle. For cyclohexane, both 
angular strain and torsional strain are eliminated by the ring adopting the chair 
conformation (24) which is shown also in the Newman projection (25) (the 
molecule being viewed along two parallel C—C bonds). Other conformations 
possess no angular strain but all have torsional strain: the boat conformation (26) 
has four eclipsing interactions (see 27) as well as a repulsive force between the 
hydrogen atoms at the opposite ends of the boat. Consequently cyclohexane exists 
predominantly in the chair form. 

Seven-membered rings and above can all be constructed with strain-free CCC 
angles, but for C; to C,, rings all conformations possess some torsional strain. For 
rings larger than 11-membered, strain-free conformations again occur. 

A measure of the strain in alicyclic rings is given by the heat of combustion of 
the molecule per methylene group less the value for the strainless cyclohexane. 
Data for rings possessing three to eleven members are given in Table 2.1. 
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H Hoon 
H H 
H H 
Hoy oH 
(25) 
yt 
H H 
IH IH 
(27) 


Table 2.1 Strain in alicyclic rings of varying size 


No. of carbons Heat of combustion Strain energy 
in the ring per methylene group (kJ mot ') 
(kJ mo!” *) 
3 696 38 
4 685 27 
5 663 5 
6 658 0 
7 662 4 
8 663 5 
9 664 6 
10 663 5 
11 662 4 


(ii) Dipolar bonds: the inductive effect. Whenever two dissimilar atoms are 
bonded, the bonding pair is not symmetrically placed with respect to the two 
nuclei because they have different charges. Theoretically, bond polarity is ac- 
commodated by the inclusion in the wave function of a parameter which determines 
the relative probabilities that the bonding electrons are in the vicinity of each 
nucleus. Experimentally, this asymmetry of bonds is manifested in the occurrence 
of dipole moments. These are measured by the distance between the centres of 
positive and negative charge in the molecule multiplied by the size of the charge 
and have values in the region 107°” coulomb metre (Cm). The Debye unit (D) 
provides a useful scale of measurement: 1D = 3.3 x 10°*Cm. 

It is convenient to refer also to bond moments, for, like bond length and bond 
energy, the bond moment of a particular bond varies little with the structural 
environment except when conjugative influences are introduced. The vector sum 
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of the individual bond moments in a molecule gives the resultant dipole moment. 

Heteronuclear diatomic molecules invariably possess dipole moments. That of 
hydrogen chloride is 1.03D, the negative end of the dipole being the chlorine 
atom. Symmetrical polyatomic molecules have no dipole moment, even though 
the individual bonds may have large moments, for the vector sum of the bond 
moments is zero. For example, CH, and CCl, have zero resultant moments, 
although both C—H and C-——Cl bonds have moments, whereas CH3Cl, CH2Cl, 
and CHCI, have significant moments. Again, p-dichlorobenzene, unlike its ortho 
and meta isomers, has a zero moment, although each nuclear carbon is positively 
polarized, relative to those in benzene, by the electronegative chlorine substituents. 

The concept of bond moments can be usefully extended to establish a scale of 
inductive effects. Since methane has no dipole but methyl chloride has a dipole 
whose negative end is the chlorine atom, chlorine is described as having an 
electron-withdrawing inductive effect (—/). Groups of atoms may also have 
inductive effects, e.g. in nitromethane carbon is attached to a positively charged 
nitrogen atom (p. 31), so that the —NO, group has a strong —I/ effect. A 
procedure has been established for deriving a quantitative scale of inductive 
effects relative to hydrogen, and the order for some commonly occurring atoms 
and groups is: 


(CHa)gC < CHg < (H) < OCHy < CF3 < Br < Cl < F < CN < NOp < N(CHG)s 


The inductive effect of an atom or group acts most powerfully on the atom to 
which it is bonded but atoms further away are affected to some degree. For 
example, in 1-chlorobutane the electron-pair in the C—ClI bond is displaced 
towards chlorine. The nucleus of the carbon atom is less strongly shielded than 
that of the corresponding carbon in butane, so that it is effectively a more 
electronegative atom. The electron-pair of the adjacent C—C bond is accordingly 
displaced towards the carbon to which chlorine is attached and, in turn, the 
second carbon is slightly affected. In this way, the replacement of hydrogen by 
a more electronegative atom results in electron displacements throughout the 
molecule, the effect on successive atoms falling off with their increasing distance 
from the electronegative centre. The effect may be represented 


5585+ 585+ 55+ &t & 
CH,—— CH»—— CH, — CH» —— CI 


(iii) Unsaturated compounds. The elements most commonly involved in un- 
saturated systems are carbon, oxygen, and nitrogen. 

In double-bonded groupings, both carbon and nitrogen are sp?-hybridized. 
Carbon forms three o-bonds, by means of its three singly occupied sp? orbitals, 
which are coplanar and at (or close to) 120° to each other and a n-bond by means 
of its singly occupied p orbital which is perpendicular to this plane. Nitrogen 
systems are similar save that one of the sp” orbitals contains two electrons and 
constitutes a non-bonding pair. In heteropolar double bonds it is appropriate to 
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include ionic structures in the valence bond descriptions. As a result of the 
increasing order of electronegativities, carbon < nitrogen < oxygen, resonance 
structures of the types (28-30) contribute to the hybrid structures of carbonyl 
compounds, imines, and nitroso compounds, respectively, and these bonds have 
significant polarity and slightly less double-bond character than the homopolar 
double bonds, C=C and N=N. 


\ Nt - \ Ne - 

\ = —_ - = _~—_ ~ 

C=O = e-6 JeoNL ee po N=O N-O 
(28) (29) (30) 


The nitro group also contains sp*-hybridized carbon and may be regarded as 
derived from the nitroso group by the transference of one electron to oxygen from 
nitrogen’s non-bonding pair followed by the formation of a covalent bond: 


It should be noted that the oxygen atoms now become equivalent, so that a nitro 
compound is described as a resonance hybrid of the structures (31) and (32). 


cL ve 

Ron oe AEN. 

‘O @) 
(31) (32) 


In the MO description, nitrogen forms three coplanar o-bonds by means of 
singly occupied sp? orbitals and its p orbital, which contains a pair of electrons, 
interacts with the p orbitals of each of the two oxygen atoms, as shown in (33), to 
form three delocalized x-orbitals of which the two of lowest energy are occupied: 


(33) 


In triple-bonded groupings, carbon and nitrogen are sp-hybridized. Carbon 
forms two collinear o-bonds by means of its singly occupied sp orbitals and two n- 
bonds by means of its two singly occupied and mutually perpendicular p orbitals. 
For nitrogen, one of the sp orbitals contains a non-bonding electron pair. In the 
VB description of the C==N bond it is appropriate to include the ionic structure 


—C==N for the bond is significantly polar. 
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(iv) Conjugated compounds. Special properties are associated with systems in 
which a n-bond is conjugated either with a second x-bond or with an atom which 
possesses a pair of electrons in a p orbital. These are: stabilization energy, single- 
bond lengths which are shorter than those in non-conjugated compounds, and (in 
some cases) the modification of dipolar properties. 

I. 12-Bond-n-bond conjugation. The simplest example is butadiene, 
CH,=CH—CH=CH, (p. 24). This is a symmetrical molecule, and con- 
jugation does not lead to the appearance of a dipole. In VB language, contributions 
from the ionic structures CH,—CH==CH—CH, and CH,—CH==CH—CH), 
are necessarily equal and their dipoles therefore nullify each other. This is not 
true, however, when n-bonds of different types are in conjugation. For example, 
in an af-unsaturated carbonyl compound such as butenal the contribution of 
structure (34) is greater than that of (35) because oxygen is significantly more 
electronegative than carbon: the carbonyl group thus polarizes the C==C bond. 


CH,;—CH-CH=CH-O" CH,—-CH—CH=CH—O 
(34) (35) 


A group such as carbonyl which withdraws electrons from an adjacent group via 
the x-bonding framework is described as having a —M effect, the negative sign 
indicating electron-withdrawal and M standing for mesomeric.* Other groups of 
~M type include ester (36), nitrile (37), and nitro (38); the curved arrows in the 
representations denote the direction of the mesomeric effect. 


nN 
ctetotd c=cYc=n cxclN’4 
‘N 
(36) (37) (38) 


2. 2-Bond-p orbital conjugation. 1nviny! chloride (chloroethene) the p orbital 
on the carbon which is attached to chlorine can overlap with both the p orbital on 
the second carbon atom and one of the filled p orbitals on chlorine: three 
delocalized MOs are established of which the two of lowest energy are occupied. 
Since the p orbital on chlorine is initially filled, its participation in the delocalized 
m-system leads to the partial removal of electrons from chlorine and the appearance 
of a dipole moment directed from chlorine towards carbon. This is opposed to the 
dipole established in the C-—Cl o-bond as a result of the —/ effect of chlorine, 
with the overall result that the dipole moment of vinyl chloride (1.44D) is 
considerably smaller than that of ethyl chloride (2.0 D) in which only the —/ effect 
is operative. The capacity of chlorine for donating electrons into a molecular n- 
system is described as a + M effect. 


*This is the adjective from the noun mesomerism (‘inbetween-ness’) which is sometimes used to 
describe a resonance hybrid which lies ‘between’ the individual structures. 
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H 


| | 
H, Ue Ze Cc + 
Na : CH, ~ci CH” 
Hn) ~éi = Pee ase 


(39) 


‘ (40) (41) 


In VB terminology, vinyl chloride is described as a hybrid of the structures (40) 
and (41), the latter symbolizing the +M effect of chlorine. Both descriptions also 
indicate that the C-——Cl bond should be shorter than in a saturated alkyl chloride, 
as is found. 

Other elements with unshared p-electrons which take part in forming delocalized 
n-systems include the other halogens, oxygen, and nitrogen, e.g. 


oN e 
ca kcn£ocn, chy son Lic) 
(42) (43) 


In each case the substituent has a + M effect. 

Two further points should be noted. First, bond strength is dependent on the 
extent of the overlap of the combining atomic orbitals (p. 20), so that in these 
conjugated systems the more nearly equal in size the p orbitals are, the more 
effective is the n-orbital overlap. Hence fluorine is more effective than chlorine in 
conjugating with carbon, and oxygen is more effective than sulfur. Secondly, as 
the nuclear charge in an atom is increased, so also is the hold of the nucleus on 
the surrounding electrons so that, for comparably sized atoms, the ability to 
conjugate decreases as the atomic number increases. Hence the order of +M 
effects is —NR, > —-OR > —F. 

3. Hyperconjugation. There is evidence that a C—~H bond which is adjacent 
to a n-bond can take part in a delocalized system. The simplest example is 
propylene: a C—H bonding orbital in the methyl group which is orthogonal to 
the plane containing the carbon atoms interacts with the adjacent p orbital to 
form delocalized MOs: 


This is termed hyperconjugation. 


In VB terminology, propylene is described as a hybrid of structures (44) and 
(45). 
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Ht 
H 


‘ - 
CH)—CH=CH, “= CH,=CH—CH, 


(44) (45) 


The evidence for hyperconjugation in this case is that the C—C single bond 
is slightly shorter than that in ethane and that the heat of hydrogenation 
(126kJ mol~") is less than that of ethylene (137kJ mol” '). However, it may be 
that part, if not all, of the measured stabilization energy of 11kJ mol~' is due to 
the fact that an sp?-sp® carbon-carbon bond is stronger than an sp°—sp® carbon- 
carbon bond, while the shortened bond length may result from sp*-carbon having 
a smaller covalent radius than sp?-carbon (cf. footnote, p. 25). Nevertheless, 
whatever the origin of the stabilization energy, it is a general fact that, amongst a 
given group of isomeric alkenes, the most stable (unless strain factors are involved) is 
the one in which the C=C bond is attached to the largest number of alkyl 
groups. This fact has many consequences in organic synthesis, as, for example, in 
the direction taken in elimination reactions (p. 97). 

Hyperconjugation is thought to play an important part in the stabilization of 
carbocations (p. 60),* 


H H* 
+ wR a 
ww —Cs" — ResC=C 
R'y ~ 7 ~R 
R i R 


Hyperconjugation involving C—C o-bonds is believed to be important in some 
instances (e.g. electrophilic aromatic substitution, p. 349), and the C—Si bond is 
especially important in the hyperconjugative stabilization of carbocations (p. 480). 


(v) Hydrogen-bonding and chelation. A hydrogen atom which is bonded to an 
electronegative atom can form a hydrogen-bond to a second electronegative atom. 
The binding results from the polarization of the electron cloud of the second 
electronegative atom by the small, positively polarized hydrogen atom. Hydrogen 
bonds are longer than covalent bonds and are much weaker: their strengths lie in 
the range 10—40kJ mol~!, which is of the order of one-tenth the strength of 
covalent bonds. Conventionally, the bonds are represented by dotted lines, e.g. 


R R 
O-H----O 
H 


* Hyperconjugation is almost certainly more significant in this case than in stabilizing an alkene 
because the resonance structures for the carbocation contain the same numbers of bonds and are likely 
to be of more nearly equal energy than the resonance structures (44) and (45). The latter, with one 
fewer bond, should be a much less important contributor to the hybrid than (44) (cf. the first principle 
in applying resonance theory, p. 25). 
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The only elements concerned in hydrogen-bonding are nitrogen, oxygen, fluorine, 
and, toa lesser extent, chlorine. The bond may be formed both between molecules of 
the same type, as in water, alcohols, and carboxylic acids, and between molecules 
of different types, as in the interaction between the proton of an amino group and 
the oxygen of a carbonyl group: 


\ 
N-H----O 
/ S 


Cc— 
/ 


Hydrogen-bonding leads to an increase in intermolecular ‘aggregation’ forces 
and is manifested particularly in the boiling point and solubility of the organic 
compound. The boiling point is raised because energy is required to separate the 
hydrogen-bonded molecules in their translation to the gaseous state, e.g. ethanol 
boils more than 100°C higher than dimethyl ether, which has the same molecular 
formula, and alcohols boil at higher temperatures than the corresponding thiols. 
Two compounds which can form hydrogen-bonds tend to be more soluble in each 
other than in those which cannot: alcohols, and to a lesser extent ethers, are more 
soluble in water than are hydrocarbons of comparable molecular weight. 

Intramolecular hydrogen-bonds can also be formed, and are of particular 
significance when the resulting ring is five- or six-membered. The phenomenon is 
then described as chelation and is illustrated for the enol form of acetoacetic ester 
(46) and for o-nitrophenol (47). Since chelation does not give rise to intermolecular 
aggregation forces, chelated compounds have ‘normal’ boiling points. For example, 
o-nitrophenol is much more volatile than its para-isomer, for only the latter forms 
intermolecular hydrogen-bonds. 


J Khe 
Oo Oo 
| 
CH; OEt + 
N 
~ 
nae No 
Oo. we 
H 
(46) (47) 


(b) Aromatic character 


Many cyclic, conjugated compounds possess markedly different physical and 
chemical properties from those expected by comparison of their structures with 
acyclic analogues. The simplest example is benzene, which may be regarded as 
the parent compound of the aromatic series. The only possible classical represen- 
tations are (48) and (49) but neither alone is adequate, for there is not an 
alternation of single and double bonds: each C—C bond is the same length 
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(0.139nm), rather closer to a normal double bond (0.134nm) than to a normal 
single bond (0.154nm). Moreover, whereas the heat of hydrogenation of the 
double bond in cyclohexene is 119kJ mol~', that for the three double bonds in 
benzene is 207kJ mol~'; the latter value is 150kJ mol! less than three times the 
former, so that benzene is more stable by this amount than predicted on the basis 
of its formal similarity to an alicyclic compound. Finally, benzene does not exhibit 
the ready addition reactions characteristic of alkenes. These facts are accommodated 
by both the VB and the MO theories. According to the former, benzene is 
described as a hybrid of the two structures (48) and (49) (which are known as 
Kekulé structures) and, since these are of equal energy content, the resulting 
stabilization energy is considerable. 


y a eS 


(49) (50) (51) (52) 


The more energetic Dewar structures (S0—52) are much less important, but the 
inclusion of wave functions corresponding to them results in a slightly greater 
reduction in the calculated total energy. 

The MO treatment describes benzene as containing six sp?-hybridized carbon 
atoms, each of which forms o-bonds with two carbon atoms and one hydrogen 
atom, the six remaining electrons being in p orbitals each of which overlaps with 
two neighbours, as shown in (53). The planarity of the ring, which corresponds to 
strainless CCC angles (120°), allows maximum overlap of these p orbitals. Six 
delocalized x orbitals are thereby established of which the three of lowest energy 
(i.e. bonding orbitals) are occupied. The relative energies of these are shown in 
Figure 2.5. The overall effect is to provide the same degree of n-bonding between 
each pair of carbon atoms. 


Figure 2.5 Relative energies of the z-orbitals in benzene. 


In addition to accounting for the stability of benzene, both the treatments 
outlined above also embrace the equivalence of the bonds and account for the 
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inertness of benzene to addition, for the addition of, for example, one molecule 
of bromine would lead to the simple conjugated system (54) and the loss of over 
125kJ of stabilization energy. This results in the reaction being endothermic by 
about 40kJ mol~', whereas the addition of bromine to ethylene is exothermic. 

Polycyclic hydrocarbons composed of fused benzene rings are also aromatic. 
The simplest examples are naphthalene, anthracene, and phenanthrene, which 
can be represented as the hybrids (55), (56), and (57), respectively. In each, 
delocalization is achieved by extensive p-orbital overlap, and the stabilization 
energies are greater than that of benzene. In general, for compounds containing 
equal numbers of benzene rings, that for which the greatest number of Kekulé 
structures can be drawn has the largest stabilization energy (e.g. phenanthrene > 
anthracene). 


(54) 


OO = 2 ="ko 


(55) stabilization energy: 255 kJ mot’! 


COS - OCD 


Cn - CO 


(56) stabilization energy: 349 kJ mot! 


The bond lengths are not equal in these systems. For instance, the 1,2-bond in 
naphthalene (0.136 nm) is shorter than the 2,3-bond (0.142 nm). A rough estimate 
of the relative lengths of the bonds can be obtained by examining the Kekulé 
structures: for naphthalene, the 1,2-bond is represented as a double bond in two 
of these structures and as a single bond in the third, while the opposite is the case 
for the 2,3-bond. Inspection of phenanthrene shows that the 9,10-bond is a double 
bond in four of the five structures: its length is close to that in an alkene. 
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(57) stabiization energy: 380 kd mot! 


The stabilization energy of a polycyclic hydrocarbon is less than that of the sum 
of its constituent benzenoid rings and this fact has important consequences in 
reactivity. For example, addition across the central ring in anthracene gives a 
compound containing two benzene rings and therefore results in the loss of only 
(349 — 2 x 150), ie. 49kJ mol7! of stabilization energy, compared with the loss 
of nearly 150kJ mol~! on addition to benzene. In practice, anthracene undergoes 
many addition reactions at the 9,10-positions, e.g. bromine gives 9,10-dibromo- 
9,10-dihydroanthracene (58). 


The properties which are associated with the carbocyclic, six-membered rings of 
benzene and the polycyclic hydrocarbons, and which result from the extensive p- 
orbital interaction in these planar, conjugated systems, are summarized in the 
phrase aromatic character. To display aromatic properties, however, compounds 
do not necessarily need to be either entirely carbocyclic or six-membered, and 
aromatic compounds of different types will now be introduced. 


(i) sp?-Hybridized nitrogen may replace a CH group. The nitrogen atom 
forms two o-bonds with the adjacent carbon atoms by using two singly occupied 
sp* orbitals, possesses an unshared electron-pair in its third sp? orbital, and 
contributes one p-electron to the delocalized x orbitals. The most important 
examples of such compounds are pyridine (59) and its benzo-derivatives, quinoline 
(60) and isoquinoline (61), and pyrimidine (62). 
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In VB terms, pyridine may be described as a hybrid of the structures (63) and 
(64), and, because nitrogen is more electronegative than carbon, it is appropriate 
to include also, though with reduced weighting, the ionic structures (65-67). As a 
result, the electron densities at the 2-, 4-, and 6-positions are less than at the 
carbon atoms in benzene, and this is of importance in connection with the 
chemical properties of the compound (pp. 359, 397). The same considerations 
hold for the related systems (60-62). 
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(63) (64) (65) (66) (67) 


(ii) Two CH groups, each of which provides one p-electron for the delocalized 
m-system, may be replaced by one atom which supplies two p-electrons. For 
example, furan (68) is aromatic because it contains a conjugated, cyclic, and 
planar system and six x-electrons in delocalized MOs, four of which are provided 
by carbon atoms and the remaining two by oxygen. The VB representation is in 
terms of the structures (68—72). 


i — > ae —S SS = =f ‘o> _ o> 
(68) (69) {70) (71) (72) 


The contribution of the ionic structures (69-72) corresponds to there being a 
negative charge on each of the nuclear carbons although this is small because 
the dipolar structures are of higher energy, and are therefore less important 
contributors, than the ‘classical’ structure (68). Nevertheless, this is of importance 
in determining the reactivity of the carbon atoms. In addition, again because of 
the relatively high energy of the ionic structures, the stabilization energy of furan 
(c. 85kJ mol~') is much less than that of benzene. As a result, addition reactions 
occur more easily, for there is less stabilization energy to be lost (e.g. the 
Diels—Alder reaction, section 9.1). 

Pyrrole (73) and thiophen (74) and their benzo-derivatives such as indole (75) 
are aromatic for the same reason as furan. For thiophen and its derivatives, a new 
characteristic is introduced: since sulfur has relatively low-lying and unfilled 3d 
orbitals, it may accept n-electrons, so that resonance structures such as (76) 
contribute to the hybrid. As a result, thiophen is more strongly stabilized 
than furan and its carbon atoms are less strongly negatively polarized. These 
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characteristics are reflected in its chemistry (e.g. thiophen, unlike furan, does not 
undergo the Diels— Alder reaction). 


\ [\ 
H 


(73) (74) (75) (76) 


The cyclopentadienyl anion (78) fulfils the criteria for aromaticity (it is iso- 
electronic with pyrrole) and proves to be a relatively stable species: the ion is 
formed from cyclopentadiene (77) on treatment with base in conditions in which 
acyclic alkenes such as 1,4-pentadiene are unreactive. 


(‘\ =  §\ 
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(77) (78) 


(iii) An atom which contributes an empty p orbital may be introduced into 
six-membered aromatic systems. For example, cycloheptatrienyl bromide (79) is a 
salt, unlike aliphatic bromides, and this may be ascribed to the fact that 
the cycloheptatrienyl (tropylium) cation is aromatic and consequently strongly 
resonance-stabilized. Again, tropone (80) has markedly different properties from 
aliphatic ketones, being very high-boiling, strongly polar (4 = 4.3D), and lacking 
ketonic properties. It is evident that dipolar structures such as (81) and (82), 
which constitute the aromatic tropylium system, provide a better representation 
of the compound. 


+ 
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(79) (81) (82) 

It is necessary to introduce here a final criterion for the occurrence of aromatic 
character. So far, each of the aromatic systems we have described has contained 
six n-electrons. Insofar as the simple application of resonance theory is concerned, 
there is no reason why cyclopentadienyl anions and cycloheptatrienyl cations 
should be comparatively stable whereas cyclopentadienyl cations and cyclo- 
heptatrieny! anions should not be; as many equivalent structures can be drawn 
for CsH3 as for CsHs and for C,H7 as for C,H}. Yet cyclopentadienyl bro- 
mide, unlike tropylium bromide, is not ionic, and cycloheptatriene, unlike 
cyclopentadiene, does not form an anion in basic solution. 

The explanation is that only systems which contain (4n + 2) n-electrons (where 
n is an integer) are aromatic and the reason for this lies in the relative energies of 
the nm MOs. For example, cyclobutadiene might exist as a square structure in 
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which the four p AOs combined to give four delocalized s MOs whose relative 
energies are shown in Figure 2.6a. Since four p electrons are available, two would 
occupy the lowest MO and the other two would be distributed one each in the 
degenerate MOs and would have the same spin: two further electrons would be 
required to complete these MOs in order to provide significant binding energy. A 
more stable disposition is in fact available: the molecule adopts a rectangular 
shape (83) in which the four p orbitals form two localized x-bonds. Even this is a 
relatively high-energy structure because of the strain in the CCC angles: it has 
only a fleeting existence, rapidly dimerizing to a mixture of (84) and (85). 


(83) (84) (85) 
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Figure 2.6 Molecular orbitals formed by systems containing (a) four p AOs and (b) eight p AOs. 


For a compound such as cyclooctatetraene in which eight p AQs were able to 
overlap, the energy levels of the eight delocalized x MOs would be as in Figure 
2.6b; there would again be incomplete pairing in the MOs. Instead of its adopting 
the planar structure (86) necessary for the complete overlapping of its p AOs, 
cyclooctatetraene exists as the tub-shaped structure (87) in which each p orbital 
can overlap with only one other, and this gives it the properties of an aliphatic 
alkene (e.g. ready addition of bromine). 

Tt might be argued that cyclooctatetraene is not aromatic because the angular 
strain in the necessary planar structure would more than offset the resulting 
stabilization energy. This thesis is, however, at variance with other observations, 
such as the comparative stability of the cyclooctatetraene dianion (88) and the 
cyclopropenyl cation (89); both these systems should be highly strained and their 
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stabilities are evidently associated with their possessing ten and two electrons, 
respectively, in delocalized MOs which form complete-shell configurations. 


Oo © 


(86) (87) 
R 
A 
a 
(88) (89) 


Finally, attempts to make pentalene (90) and heptalene (91) have failed, 
whereas azulene (92) is an aromatic compound with a stabilization energy of 
about 170kJ mol~!. Pentalene and heptalene do not contain (4n + 2) n-electrons, 
but azulene does, and it is especially notable that azulene has a dipole moment, 
suggesting that the seven-membered ring in some degree donates one n-electron 
to the five-membered ring so that each ring approximates to a six n-electron 
system. In valence-bond terms, ionic structures such as (93) are important 
contributors to the hybrid. 


OD -CO 


pentalene heptalene azulene 


(90) (91) (92) (93) 


The following conclusions may be noted. (1) Cyclic, conjugated, planar 
compounds which possess (4n + 2) n-electrons tend to be strongly stabilized and 
are described as aromatic. (2) Such compounds do not have the properties typical 
of their aliphatic analogues; in particular, addition reactions are rare except when 
the stabilization energy is relatively small or the product of addition is itself 
strongly resonance-stabilized. (3) Because of their stability, aromatic compounds 
are often readily formed both from acyclic compounds by ring-closure and 
from alicyclic compounds by dehydrogenation or elimination of other groups. 
Illustrations of conclusions (2) and (3) are numerous throughout this book. 


(c) Acidity and basicity 


The customary definitions of acids and bases, due to Brgnsted, are that an acid is 
a species having a tendency to lose a proton and a base is a species having a 


MOLECULAR STRUCTURE 


tendency to add a proton. An alternative definition of each is due to Lewis who 
defined an acid as a species capable of accepting an clectron-pair and a base as a 
species capable of donating an electron-pair. Since a base can accept a proton 
only by virtue of being able to donate an electron-pair, all Lewis bases are also 
Bronsted bases and vice versa. However, Lewis’s definition of acids embraces 
compounds which do not have a tendency to lose a proton, e.g. boron trifluoride 
is a Lewis acid, as illustrated by its reaction with ammonia, 


+ 
BF3 + sNH3 ——— F,B-—NH, 


We shall use the term acid according to the Brgénsted definition and shall refer to 
the compounds embraced only by Lewis’s definition as Lewis acids. 

Acids and bases are necessarily conjugate entities: that is, if the species HA can 
donate a proton to the species B, then since the reaction is reversible, the species 
BH? can donate a proton to A™: 


HA + B = A + BH 


The species A~ is referred to as the conjugate base of the acid HA, and BH* is 
termed the conjugate acid of the base B. Clearly, if HA is a strong acid, A~ must 
be a weak base. It is, however, more convenient to discuss acidity and basicity 
separately. 

It must also be remembered that the acidity or basicity of a species depends not 
only on the structure of that species but also on the nature of the solvent. Aniline 
is a weak base in water (which is a weak proton-donor) but a strong base in 
sulfuric acid; amide ion is a far stronger base in water than in liquid ammonia 
(for water is a stronger proton-donor than ammonia). Unless specified, the 
reference solvent is taken to be water. 


(i) Acids. The most important elements in organic systems from which protons 
are donated are oxygen, sulfur, nitrogen, and carbon. The acidities of the 
groups --O—H, —S—H, YH, and cH vary widely with the struc- 


ture of the remainder of the molecule, but one principle is of pre-eminent 
importance in determining acidity: any factor which stabilizes the anion of an 
acid relative to the acid itself increases the strength of the acid. This follows 
immediately from the thermodynamic principles governing an equilibrium (section 
1.5) and is implicit throughout this discussion. 


1. Acidity of O—H groups. Ethanol (pK 16)* is a very weak acid compared 
with acetic acid (pK 4.8). Two factors are responsible. First, the carbonyl group is 
electron-attracting compared with the methylene group, so that the negative 
charge is better accommodated in CH;~-CO—O™ than in CH;—-CH,—O . 


* The pK value of an acid is defined as —log,9 K where K is the equilibrium constant for its ionization. 
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Secondly, both acetic acid and its anion are resonance-stabilized, being hybrids of 
(94) and (95), and (96) and (97), respectively. However, the stabilization energy 
of the ion, in which the resonance structures are of equal energy, is greater than 
that of the acid, for which the dipolar structure (95) is of high energy compared 
with (94). Consequently, there is an increase in stabilization energy when acetic 
acid ionizes whereas there is none in the ionization of ethanol. These two factors 
are responsible for a difference of about 60kJmol~' in the free energies of 


ionization. 
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(94) (95) (96) (97) 


The discussion of acetic acid has revealed two of the principal factors which 
govern acidity: the inductive and mesomeric effects. Further illustration of the 
operation of these effects is given in the following examples. 


(1) The strengths of the mono-halogen-substituted acetic acids increase with 
the increasing —/ effect of the halogen (I < Br ~ Cl < F): 


X-CH2—CO2H X = H F Cc Br I 

pk 4.75 2.66 2.86 2.86 3.12 

(2) An increase in the number of —/ substituents further promotes acidity: 
CICH)—COH Cl,CH-CO,H Cl,C-COH 

pK 2.86 1.30 0.65 


(3) The acid-strengthening influence of a group of —/ type is reduced as the 
group is moved further from the acid centre: 


CICH,—CO,H CICH,—CH,—CO,H CICH,—CH,—CH,~CO,H 
pK 2.86 4.08 4.52 


(4) Alkyl groups are acid-weakening to an extent depending on their +/ 
effects: (CH3)3C > CH3;—CH, > CH; > H: 


H—-COH CH,—CO2H CH3—CH,—COH (CH3)3C -CO2H 
pk 3.77 4.75 4.88 5.05 


(5) Phenol (pK 10) is more acidic than ethanol because the negative charge in 
its anion is delocalized over the aromatic ring, as symbolized by the contributions 
of the structures Ore: 


O-O-0- O-0 


(98) (99) (100) (101) (102) 
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(6) The introduction of a substituent of electron-attracting type into the 
nucleus of phenol has an acid-strengthening effect and is greater when the 
substituent is ortho or para to the phenolic group than when it is meta for, in the 
former case, it interacts directly with a negatively polarized carbon atom (see 
structures 100-102). For example, the greater acidity of p-nitrophenol (pK 7.1) 
than phenol may be attributed to the large contribution to the anion of the 
structure (103); the effect of the nitro group in m-nitrophenol (pK 8.35) is not 
directly transmitted to the oxyanion (see structure 104). Groups of electron- 
releasing type reduce the acidity of phenol in the same way. 


ie) 
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(7) In a conjugated acid, both the position of a substituent and the relative 
importance of its inductive and mesomeric effects are important in determining 
acidity. Consider, for example, the acid-strengths of the following benzoic acids: 


Xx X pK Y pk 
H 4.2 rt \-co z H 4.2 

CY -cons Cl 3.8 : Cl 4.0 
OCH; 4.1 OCH; 4.5 


Both m-Cl and m-OCH, have an acid-strengthening influence because of the 
electron-withdrawing inductive effects of the groups, that of chlorine being 
greater than that of methoxyl. In the para-substituted acids, the —/ effects are 
opposed by the acid-weakening +M effects of the substituents, as symbolized by 
the contributions of the resonance structures (105) and (106). For chlorine, the —/ 
effect is more powerful than the +M effect so that, whereas p-chlorobenzoic acid 
is weaker than its meta-isomer, it is stronger than benzoic acid. For methoxyl, on 
the other hand, the —/ effect is less powerful than the +M effect so that p- 
methoxybenzoic acid is a weaker acid than both its meta-isomer and benzoic 
acid:* 


CO.H CO2H 
| + + 

Cl cH? 
(105) (106) 


* The differences in pK values quoted above are numerically small, but it should be remembered that 
the scale is logarithmic: a difference in pX of 0.3 corresponds to a factor of 2 in the dissociation 
constants. 
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Similar considerations serve to rationalize the acid strengths (and hence the 
Hammett o-values, p. 63) of other substituted benzoic acids. 

(8) Sulfonic acids are very much stronger than carboxylic acids because of the 
strong —/ effect of the sulfone group (—-SO,—) and the greater delocalization of 
charge in the sulfonate anion (107-110) than in the carboxylate anion. Ben- 
zenesulfonic acid and its derivatives are useful as strong acid catalysts in organic 
synthesis as alternatives to sulfuric acid for, while being strong acids, they do not 
bring about the side reactions (e.g. oxidation and sulfonation) characteristic of 
sulfuric acid. 


fe) Oo fe) oO 
Wo l u fon 
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(107) (108) (109) (110) 


2. Acidity of S—H groups. Thiols, RSH, are stronger acids than the corre- 
sponding alcohols. This can be understood by considering the ionization of each 
as occurring in two steps: 


RS-H — RS: + 


i 


RO-H —= RO + H: RO + H* 

Although the second step is energetically more favourable for RO: than RS- 
because oxygen is more electronegative than sulfur, the first step is more favourable 
for the thiol because the S—H bond (340kJ mol’) is considerably weaker than 
the O—H bond (462kJ mol™') and it is the latter factor which dominates in the 
values for the free energies of ionization. 

3. Acidity of N—H groups. The N—H bond is intrinsically less acidic than 
the O— H bond because nitrogen is less electronegative than oxygen. Carboxamides 
are very feebly acidic compared with carboxylic acids, e.g. they are not dissolved 
by sodium hydroxide solution. However, just as sulfonic acids are much stronger 
than carboxylic acids, so sulfonamides, RSO,NH, and RSO,NHR’, are much 
more strongly acidic than carboxamides, giving delocalized anions represented by 
structures (111-113). Although they are not acidic enough to liberate carbon 
dioxide from sodium hydrogen carbonate, they are dissolved by sodium hydroxide 
solution. Use may be made of this in separating primary and secondary amines: 
the mixture is treated with a sulfonyl chloride to give a mixture of the sulfonamides, 
R'SO,NHR and R’SO,NRo, of which only the former has an acidic proton and 
can be extracted into sodium hydroxide solution. 

e = o tt 
R-S-NR’ == R-S=NR' == R-S=NR’ 
i) tt !_ 

0 
(141) (112) (113) 
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Two carbonyl groups bonded to NH yield an effect comparable with that of 
one sulfone group: imides, such as succinimide (114) do not react with sodium 
hydrogen carbonate but are soluble in sodium hydroxide solution. The delocalized 
structure of the anion from an imide is represented as (115-117). Use is made of 
the acidity of imides in a method for forming C—N bonds (p. 303). 


R. ON. UR RIN ee. ae 
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4. Acidity of C—H groups. The sp> C—H bond is less acidic than the 
N—H bond because carbon is less electronegative than nitrogen. As would be 
expected from the earlier discussion, the acidity is increased when the CH group 
is attached to an increasing number of carbonyl groups, for the negative charge of 
the conjugate base is then increasingly effectively delocalized, as shown for the 
ion from (CH3;CO)3;CH: 


Oo O Oo oO Oo Oo Oo O 
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The pK values of CH;COCH,— H, (CH3;CO),CH—H, and (CH;CO),;C—-H are 
respectively 20, 9, and 6. 

Carbonyl is one of a number of groups of —M type which have a marked acid- 
promoting influence: the more important, in decreasing order of effectiveness, are 
—NO,, —-CHO, —COR, —CN, and —CO)R. For example, the acidity of 
nitromethane (pK 10.2) derives from the delocalization of the charge on the anion 
on to the oxygen atoms of the nitro group: 


fe) fe) 
Il. — it 
CH” ~O CH ~O 


The acidity of C—H bonds is of great significance in organic chemistry because 
the anions formed by ionization of the bond are intermediates in many synthetic 
processes (chapter 7). The following structural situations are of particular 
importance. 


(1) The C—H bond is adjacent to one group of —M type; pK values lie in the 
range 10-20. Reactions involving anions derived from compounds containing 
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these structures are the aldol reaction (Scu—cHio and NCH—COR, p- 209), 


NCH—CO.R, p. 226), and the Thorpe reaction 


the Claisen condensation ( 


(Sc—cn, p. 229), 
(2) The C—H bond is adjacent to two groups of —M type. Typical examples 


are the keto-ester CH;COCH,CO,Et and the diester CH2(CO Et), whose uses 
are described in section 7.4. The pK-values of such compounds arc in the range 
4-12. 

(3) The C—H bond is part of cyclopentadiene or a derivative. The compounds 
are acidic because the derived anion, having six n-electrons and fulfilling the 
criteria for aromaticity, is strongly resonance-stabilized (p. 40). 

(4) The C—H bond in the haloforms. This is acidic because the conjugate 
base is stabilized both by the inductive effects of three halogen atoms and by 
charge-delocalization (e.g. structures 124-127) as the halogens (other than fluorine) 
have unfilled and relatively low-lying d orbitals. These anions, by loss of a halide 
ion, form carbenes, which are intermediates in many reactions (p. 101). 


Clg Gls el oe Cl. ,2C ies Ge 
| i - 
Cl Cl Cl cl 
(124) (125) (126) (127) 


(5) The C—H bond in acetylene itself and mono-substituted acetylenes, 
RC==CH. This is very much more acidic than that in an alkane or an alkene, e.g. 
acetylene has pK 25 and forms the acetylide ion when treated with amide ion in 
liquid ammonia, whereas methane (pK c. 45) is unreactive. The reason is that an 
s-electron is on average nearer the nucleus than a p-electron, so that it is more 
strongly held by that nucleus; the electrons in a bond formed by sp-hybridized 
carbon are more strongly held by the carbon nucleus than those in bonds formed 
by carbon in the sp” or sp* states because of the greater proportion of s character 
of the electrons in the first case. sp-Hybridized carbon is therefore more electro- 
negative than carbon in other hybridized states and the charge on the acetylene 
anion is more readily accommodated. 


(ii) Bases. The common bases include both anions, e.g. H2N~ and EtO™, and 
neutral molecules containing at least one unshared pair of electrons, e.g. NH3 and 
EtOH. For the former group, the basicity is weakened by any factor which 
stabilizes the negative charge of the anion, while for the latter, the basicity is 
increased by any factor which stabilizes the positive charge on the conjugate acid 
of the base. Anionic bases are far stronger than their neutral analogues (e.g. 
H,N™ >> NHs). 

Amongst anionic bases, the charge is normally associated with oxygen, nitrogen 
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or carbon. Since the electronegativities of these elements fall in the order O > N 
> C, the order of basicities is R,;C” > R,N” > RO™. For example, amide ion is a 
far stronger base than hydroxide ion, and methide ion (CH3) is of such high 
energy that it does not exist in organic media. However, Ph3C’, in which the 
negative charge is delocalized by the aromatic rings, is more stable and is used (as 
sodium triphenylmethyl) in certain reactions which require a particularly powerful 
base (see p. 227). The order of basicities of oxyanions, (CH3);CO” > CH,07 > 
PhO™ > CH;CO;z, follows immediately from the principles discussed above 
which govern acidity: t-butoxide ion is a stronger base than methoxide ion because 
the three electron-releasing methyl groups in the former destabilize the negative 
charge; phenoxide ion is a weaker base than an alkoxide ion because the charge is 
delocalized over the aromatic ring; and acetate ion is still weaker because the 
charge delocalization by oxygen is even more effective. 

Nitrogen is the most important basic element in uncharged bases. Typical 
alkylamines have pK values in the region 9-11 (where pK refers to the conjugate 
acid formed by the base, e.g. CH;—-NH3 has pK 10.6). The conjugation of the 
amino group to a carbon-carbon double bond or an aromatic ring reduces the 
basicity considerably because the resonance stabilization in the base (represented, 
in the case of aniline (pK 4.6), by the contribution of structures such as 128) is 
lost on protonation. The protonation of pyrrole and related compounds, in which 
the unshared electron-pair on nitrogen completes the aromatic sextet, results in 
the complete loss of the aromatic stabilization energy, and these compounds are 
essentially non-basic. 


+ 
NH, 
R NH, R Saks 
mn 
(128) (129) (130) 


Amides are much less basic than amines because the resonance energy of the 
delocalized system (129-130) is lost on protonation of the nitrogen atom. 

Nitriles are only very weakly basic. The explanation corresponds to that given 
for the greater acidity of alkynes than alkanes (p. 48): namely, since the sp- 
hybridized nitrogen in a nitrile is a more electronegative species than the nitrogen 
in an amine, RC==NH* is more acidic than RNH}3. Imines and heterocyclic 
aromatic compounds such as pyridine (pK 5.2) occupy an intermediate position. 
Amidines, however, are much stronger bases than both imines and amines. This 
is because, although both the base (131) and its conjugate acid (132) are resonance 
stabilized, the stabilization energy of the latter, whose principal resonance structures 
are equivalent, is greater than that of the former, in which one of the corre- 
sponding structures is dipolar and of high energy. The stability of the conjugate 
acid formed by guanidine (133) serves to make this as strong a base as the alkali- 
metal hydroxides. 
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Problems 


} 
R_ NH R_ NH R NH RNH2 
a eek OR 
NH NH NH2 NH 
(131) (132) 

H)N_NH HyN. NH HoN. NH 
HN NH 2 2 2 2 2 2 
ei ee i ee a 
NH, NH 2 NH, 
(133) 


The oxygen atom in neutral molecules is only weakly basic. Nevertheless, many 


reactions of alcohols, aldehydes, ketones, and esters occur via the conjugate acids 
formed by these compounds and the solubility in sulfuric acid of oxygen-containing 
compounds such as esters, ethers, and nitro compounds is due to the formation of 
oxonium ion salts in this medium (e.g. RZOH* HSO;). Both aliphatic and 
aromatic C=C bonds are also weakly basic, e.g. benzenoid compounds form 
salts such as (134) with hydrogen chloride in the presence of aluminium trichloride. 
The basicity of polycyclic aromatic hydrocarbons increases with increase in the 
number of carbon atoms which can delocalize the positive charge of the conjugate 
acid. 


1. 


HH HH HH 
O-O-0}* 
+ 


(134) 


Draw orbital representations of the following compounds: ethylene; allene 
(CH,==C+CH,); 1,3-butadiene; nitromethane; acrylonitrile (CH2=CHCN); 
hydrazine (NH,NH2). 


The stabilization energies of conjugated compounds are usually obtained by 
comparing either the heats of hydrogenation or the heats of combustion of 
these compounds with those of appropriate non-conjugated compounds. Why 
does the former method give the more reliable values? 

Would you expect bipheny! (Ph—Ph) to have a greater stabilization energy 
than twice that of benzene? If so, by approximately how much? 

Given that the heat of hydrogenation of styrene (PhCH=CH),) is 
—326kJ mol™!, calculate the stabilization energy of styrene (see Table 1.1 for 
bond-energy values). 

Arrange each of the following groups in decreasing order of acid-strength: 
(i) HCO,H, CH;CO2H, CICH,CO,H, FCH,CO>H. 
(ii) Phenol, m- and p-chlorophenol, m- and p-cresol. 
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(iii) Benzoic acid, m- and p-nitrobenzoic acid, m- and p-methoxybenzoic 
acid. 
(iv) 1,4-Pentadicne and cyclopentadiene. 


(») CHa NCH CH A 06H CH on 
oO O 0 O fe) 


Oo 
(vi) aA and A> 
O 


(vii) CHF; and CHCl, 


(viii) C} and @ 


4. Arrange each of the following groups in decreasing order of base-strength: 
(i) Ammonia, aniline, m- and p-nitroaniline. 
(ii) Ethoxide ion, t-butoxide ion, acetate ion, and phenoxide ion. 
(iii) Pyrrole and pyrrolidine (tetrahydropyrrole). 
(iv) Pyridine and piperidine (hexahydropyridine). 


5. How can you account for the following: 
(2) The dipole moment of 1,2-dichloroethane increases as the tempera- 
ture is raised. 
(ii) The dipole moment of p-nitroaniline (6.2 D) is larger than the sum 
of the values for nitrobenzene (3.98 D) and aniline (1.53 D). 
(iii) The dipole moment of propenal (CH,==CHCHO; 3.04 D) is greater 
than that of propionaldehyde (CH3;CH,CHO; 2.73 D). 
(iv) Picric acid (2,4,6-trinitrophenol) liberates carbon dioxide from 
aqueous sodium carbonate, but phenol! does not. 
(v) NN-Dimethylation triples the basicity of aniline but increases the 
basicity of 2,4,6-trinitroaniline by 40 000-fold. 
(vi) The bond dissociation energy of the PhCH,—H bond (322 
kJ mol~') is considerably smaller than that of the CH;—H bond 
(426 kJ mol~'). 
(vii) The boiling point of ethanol is very much higher than that of its 
isomer, dimethyl ether. 
(vii) Boron trifluoride and aluminium trichloride are Lewis acids. 
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Rates of 
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3.2 
The orders of 
reaction 


Chemical kinetics 


It is possible to deduce from thermodynamic data whether or not a particular 
reaction can in principle yield a particular set of products in significant amounts: if 
the reaction A — B is accompanied by a decrease in free energy, it is possible in 
principle to convert A largely into B. However, thermodynamic data do not 
give information about the rates of reactions, and it is quite possible that the 
percentage conversion of A into B will be negligible even after many years. For 
example, the reaction between hydrogen and oxygen to give water is accompanied 
by a large negative free energy change but nevertheless the rate at which water is 
formed is insignificant at room temperature, although it is very rapid indeed 
at high temperatures. Again, the reaction between acetaldehyde and hydrogen 
cyanide to give the cyanohydrin, 


CH, CHg 
=O + HCN —* ~~ NC-}-OH 
H H 


is accompanied by a favourable free-energy change but is very slow unless a small 
quantity of a base is added. 

In effect, the thermodynamic criterion for a reaction to proceed is a necessary 
but not a sufficient one; metastable equilibria are common, as in the case of the 
hydrogen-oxygen reaction. It is necessary that other conditions should be met 
which result in equilibrium being attained at a practicable rate. It is the purpose 
of this chapter to set out the principles which govern the rates of reactions. 


Many organic reactions follow simple kinetic equations. For example, the hy- 
drolysis of ethyl bromide by sodium hydroxide, 


CHaCH,Br + NaOH reited CHyCHJOH 286+ = NaBr 


follows second-order kinetics: 
d{CH3;CH,OH}/dt = k[{CH3;CH2Br][OH ] 


This and other evidence led to the accepted mechanism for this reaction in 
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which as the bromine, in the form of bromide ion, leaves the carbon atom to 
which it was bonded, so the hydroxide ion approaches and forms a bond to that 
carbon atom (p. 102). However, the rate constant, k, is far smaller than the 
frequency of collisions between the reactant molecules. This is almost invariably 
the case, and the reason for it is discussed in sections 3.4 and 3.5. 

There are also first-order reactions, such as the solvolysis of t-butyl chloride, 


(CHy)gC~Cl + HO — =  (CHy)C-OH + HCI 


in which the slow or rate-determining step is the ionization of the chloro- 
compound, followed by the rapid reaction of the organic cation with water: 


(CHg)3C~CI Sow (CHC * + CI 
(CH3gC* + HO ——> (CHy)3C-OH + Ht 


Reactions which have complex mechanisms can have complex kinetics, includ- 
ing non-integral orders with respect to one or more of the reactants. An example 
is the decomposition of acetaldehyde at high temperatures: 


CH3CHO — = CH, + CO 


for which 
d(CH,]/dt = k|CH,;CHOP? 


These kinetics are consistent with the mechanism 


CH3,CHO males ‘CH, + -CHO 


ke 


CHxCHO 320+ ~—*CHg CH;CO  +——OCHy 


CH,CO ae ‘CH; + CO 
2 *CHg oe CaHe 


Reaction is initiated by the fragmentation of a molecule of the aldehyde. The 
methyl radical which is formed abstracts hydrogen from a second molecule of 
the aldehyde, giving methane and an acetyl radical; the latter rapidly gives 
carbon monoxide and a new methyl radical which reacts with a third molecule of 
aldehyde. The chain continues to be propagated in this way until two methyl 
radicals meet and dimerize. Since the concentration of methyl radicals is low, the 
probability of occurrence of the dimerization step compared with the chain- 
propagating step is small, so that a relatively small number of radicals from the 
initiation step can yield a large quantity of methane. It can be shown that the 
kinetics should then be given by 
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k 1/2 
d{CH4]/dt = x| | [CH,CHOP? 
4 
which is identical with the observed kinetics, where k = k2[k,/k, 
Finally, there are reactions where a catalyst is involved. For example, for the 
acid-catalyzed bromination of acetone, 


‘ae 


CH, > ik + Bro Ho CH; ial + HBr 


Oo Oo 
the rate of consumption of bromine is independent of the concentration of 


bromine until this is very low, whereas it is dependent on the concentration both 
of acetone and of the protons in solution: 


—d[Br,]/dt = k{CH;COCH3][H*] 


It follows that the rate of the reaction is determined by a step in which bromine 
plays no part. This step might be the acid-catalyzed enolization of acetone, 


CH3, -CHy 4 Ht === CH yr + Ht 


T Res 


e) OH 
the enol then reacting with bromine as follows: 


a + Bro we CHg aka + HBr 
OH re) 


CHy CH, 


Now, if the rate of formation of the enol is slow compared with the rates of 
both reactions which destroy it, the enol can be present in only very small 
concentrations: it will grow in concentration from its initial zero value until it 
reaches a small steady-state concentration when it is destroyed as fast as it is 
formed, i.e. 


k,[CH3;COCH][H*] = &_,[enol][H*] + &,[enol][Br)] 
Le. [enol] = k,{(CH3;COCH,]{H*}/(k_ ,[H*] + &[Brz]) 
It follows that the rate of loss of bromine is given by 
—d[Br2]/dt = k,[enol][Br2] 

= k,k,[CH3;COCH3][H*][Br2]/(k_,[H*] + k2[Br2]) 

= k,[CH3;COCHs][H*] 
providing that k2 >> k_, and that [Br] does not fall to too low a value. This is the 
experimentally observed result, and other evidence supports the mechanism that 
has been deduced. 


The steady-state treatment applied here is of value in understanding a variety of 
reactions in which a reactive, short-lived intermediate is involved. 
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For many reactions, a plot of the logarithm of the rate constant against the 
reciprocal of the absolute temperature is approximately linear with negative 
gradient (i.e. the reaction is faster at higher temperatures): Ink = B -- C/T, 
where B and C are constants. Differentiation gives d(Ink)/dT = C/T? which is of 
the same form as the equation obtained by differentiating the expression for the 
equilibrium constant of a reaction (p. 6): d(in K/dt) = AH/RT?. 

Moreover, the equilibrium constant of a reaction is equal to the ratio of the 
rate constants for the forward and reverse steps of the process and Arrhenius 
(1889), therefore, suggested that the constant C above should be replaced by 
AE/R, where AE is an energy term in the expression for the rate of the reaction 
analogous to the enthalpy term Ad in the equilibrium. The expression d(In k)/dT 
= AE/RT? gives, on integration, the Arrhenius equation, 


k = Ae~SE/RT 


where A, like AE, is a constant for the reaction concerned. AE represents a 
critical energy which the molecules must possess in order for reaction to occur: for 
a given value of A, the rate constant decreases as AE becomes larger. 

The significance of A and AE are discussed in the two succeeding sections. For 
the moment it should be emphasized that the fact that a reaction may have a 
favourable free-energy change does not imply that reaction will occur at other 
than an infinitesimal rate; it is necessary also that the values of A and AE/RT 
should be such that k is in the range of what may be termed practicable rate 
constants. 


The simplest interpretation of the Arrhenius equation for a bimolecular reaction 
is that, for reaction to occur, the two reactants must collide and the total energy 
possessed by them must be at least equal to AE: the rate constant should be given 
by the frequency of collisions times the fraction of the collisions which involve 
suitably activated molecules, e~4°’*". It ought then to be possible to equate A 
with Z, the collision number (i.e. the number of collisions per second when there 
is only one molecule of reactant per unit volume*). We shall first examine the 
validity of this proposal. 

Values of Z lie in the region of 10''dm* mol~'s~', and for many simple gas- 
phase reactions and for some reactions in solution the experimental value of A is 
of this order. For these cases, equating A with Z is justified. There are, however, 
many reactions for which A is considerably smaller than Z: the reaction between 
butadiene and propenal, for which A ~ 10°dm? mol~'s~' is an example 


* The expression for Z contains a temperature term, e.g. for collisions between molecules of the same 
type which have molecular weight M and diameter o, Z = 407(nRT/M)'”. However, the effect of 
changes in T on the value of Z is negligible compared with the effect on the value of the exponential 
term, unless AE is very small. 


3.3 

The effect of 
temperature on 
reaction rates 


3.4 
Collision theory 
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CHO CHO 
a 
Cai as 
S 


In general, collision theory fails to account for values of A which are substan- 
tially less than Z and this is because it does not allow for the fact that two 
molecules possessing the necessary activation may, on collision, be unsuitably 
oriented with respect to each other for reaction to occur. A factor P, representing 
the probability that a collision between suitably activated molecules will result in 
reaction, is therefore introduced: 


k= PZe~SE/RT 


It is not immediately obvious how collision theory can be applied to first-order 
reactions, such as the solvolysis of t-butyl chloride. The problem was solved by 
Lindemann, who suggested that the necessary activation energy is acquired by the 
reactant molecule as the result of its collision with other molecules. The activated 
molecule can then either undergo reaction or dissipate its extra energy in further 
collisions. Then, for a reaction A > B, 


ki 
A+A=A+A* 


-1 


ka 
A*—B 


where A* represents A in the suitably activated state. A small concentration of 
A* is thereby maintained, and the steady-state treatment gives 


d[B]/de = kyko[AP/(k—s[A] + ka) 


Hence, if k_,\{A] >> kz, d[B]/dt = k,k,[A]/k_1, i.e. first-order kinetics should be 
followed. At very low values of [A], d{B]/dt = k,[AJ’, i.e. second-order kinetics 
should be followed. At intermediate values of [A] the kinetics should not be 
described by either the first- or the second-order equations. Where these pre- 
dictions have been tested, they have been found to hold. 

As with bimolecular reactions, it is sometimes difficult to interpret the value of 
A in unimolecular reactions. In many, A is of the order of 10’! dm? mol~'s~! and 
may be equated with the collision frequency, but for others it is less than Z by 
several powers of ten. The most satisfactory explanation is that when a complex 
molecule possesses the critical activation energy, the chances may be small that 
this energy is in that area of the molecule at which reaction is to occur. Again, 
therefore, a probability factor, P, is necessary. 

The interpretation of E in collision theory is more satisfactory than that of A. 
Consider the reaction between a hydrogen molecule and a hydrogen atom, H2 + 
H —> H + H. As the atom approaches the molecule, the existing H—H bond 
begins to break and the new H—H bond begins to form. This corresponds to a 
total energy for the system which is greater than that of the original atom and 
molecule in isolation, and the total energy continues to rise until a point is 


CHEMICAL KINETICS 57 


Reaction co-ordinate 


Figure 3.1 Energy profile for the reaction H, + H- + H- + Hp. 


reached at which the hydrogen atom which is being transferred is symmetrically 
placed between the other two hydrogens, as represent by H----H----H. That is, 
the bonding energy of the two partial bonds in H----H----H is less than that of 
one full bond. Thereafter, the energy of the system falls again until the new 
system of hydrogen atom and hydrogen molecule is obtained. The energy changes 
during the reaction are shown in the energy profile, Figure 3.1, as a function of 
the progress made in the formation of the new H—H bond. 

There is in effect an energy barrier between the two pairs of reactants, and AE 
is the energy necessary for the reactants to surmount the barrier, being described 
as the activation energy of the reaction. The structure corresponding to the highest 
point on the energy profile is termed the activated complex and in this case 
corresponds to the linear arrangement of three hydrogen atoms which are joined 
by two partial bonds. For this particular reaction, the difference in energies of the 
activated complex and the reactants has been calculated theoretically and the 
value agrees closely with the experimental result (36kJ mol~'), providing justifi- 
cation for this interpretation of AE in the Arrhenius equation. It should also be 
noted that calculations show that the energy of the activated complex in this 
reaction is minimal when the complex is linear: that is, the hydrogen atom most 
easily reacts by approaching the hydrogen molecule along the molecular axis. 

It can be appreciated from this discussion why the hydrogen atom-molecule 
reaction consists of a one-step bimolecular process rather than the alternative two- 
step process in which the hydrogen molecule first decomposes to two hydrogen 
atoms one of which then combines with the third hydrogen atom. The latter path 
would have an activation energy of at least 435 kJ mol™! (the dissociation energy 
of H2), whereas in the bimolecular path the energy evolved as the new H~-H 
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3.5 
Transition-state 
theory 


bond is formed in effect helps to bring about the dissociation of the original 
H—H bond. 


An alternative approach to the collision theory is based on the application of 
thermodynamic principles to the activated complex. Consider a reaction A + B—> 
C in which the activated complex is represented as AB* and whose energy profile 
is shown in Figure 3.2. Transition-state theory treats AB* as a normal chemical 
species one of whose vibrations is replaced by a translational degree of freedom: a 
loose bond between A and B, instead of undergoing a stretching-and-contracting 
vibrational motion, flies apart either to give A and B or to give C. It can be shown 
that the frequency, v, with which this happens is given by v = K7/h where k is 
the Boltzmann constant and h is Planck’s constant. The activated complex, or 
transition state, is regarded as being in equilibrium with the reactants, i.e. 


{AB*] _ 

[A][B] 
where the symbol * signifies that this is not a conventional stable equilibrium. 
The rate at which AB* is transformed into C is given by the product of the 


concentration of AB* and the frequency with which AB* breaks down to prod- 
ucts, so that the rate of loss of A is given by 


—d[A]/dt = d{C]/dt = [AB*]kT/h 
Since —d{A]/dt = k,[A][B], where k, is the bimolecular rate constant, 


[AB*] _ kT 


Hence the rate constant* is related to the equilibrium constant, K*. Now, 
—RT\in K* = AG* = AH* — TAS*, where AG*, AH”, and AS* are the differ- 
ences in free energies, enthalpies, and entropies, respectively, of AB* and A + 
B. It follows that 

ky = kT ac" _ sre ~AH*/RTQAS"/R 


The term AH”, the enthalpy of activation, corresponds closely to the activation 
energy term, AE, in the Arrhenius equation (for liquids and solids, AE = AH™ + 
RT). The term (kT/h)eos” ‘R corresponds to the A factor; AS* is known as the 
entropy of activation. One important merit of transition-state theory is that it 
rationalizes the probability factor, P. A reaction in which the transition state is 


* Strictly, k, should be multiplied by a factor (the transmission coefficient) which is the probability that 
AB* will dissociate into products instead of back into the reactants. In most cases this factor is close to 
unity. 
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AB* 


Reaction co-ordinate 
Figure 3.2. Energy profile for A + B-—> C. 


highly organized will have a large, negative AS*, corresponding to a small value 
for P. Examples of the dependence of AS* on the reaction type are given in the 
following section. 


(a) Structure, rates and equilibria 


The addition of hydrogen chloride to propylene could in principle give two 
products: 


CH3CH= CHo + HCl =e Snorer Gr and HAGE CHa 
cl Cl 


In practice the latter product predominates, and in general the orientation in 
the addition of a compound HX to an unsymmetrical alkene is described by 
Markovnikov’s rule (1870) which states that ‘the hydrogen atom of HX adds to 
that carbon which bears the greater number of hydrogens’. The basis of the rule is 
as follows. 

The rate-determining step in the reaction is the addition of a proton to one of 


3.6 
Applications of 
kinetic 
principles 
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the carbon atoms of the double bond, giving a carbocation* which then reacts 
rapidly with the anion X~ from HX. One of two such carbocations might be 


formed, e.g. 


cio 
CH,-CH)>-GH, 9 > CH3~CH,~CH,CI 


CHxCH=CH, + H* 


(or 
CH,-GH-CH; 9 —> CH,—CH—CH, 
Cl 


Of these two intermediate ions, the secondary ion, CH,;—CH—CH, is thermo- 
dynamically the more stable for two reasons: the concentration of positive charge 
at the central carbon atom is reduced by the two electron-releasing (+/) methyl 
groups attached to it (p. 30), and the charge is also delocalized on to both these 
groups by the hyperconjugative effect (p. 25). Now, the rates of formation of the 
two ions are not dependent on their stabilities but rather on the free energies of 
the transition states which precede them. The detailed structures of the transition 
states are not known; the new C—H bond is partly formed at the transition state, 
but to an unknown degree. However, it is known that the carbocations are of 
relatively high free energies compared with the reactants, as represented in Figure 
3.3, and there is therefore a smaller change in energy when the transition states 
are transformed into the intermediate carbocations than when they revert to the 
reactants. Consequently, it is reasonable to conclude that there is a smaller 
reorganization of the molecular geometry in passage from transition state to 
intermediate than in passage from transition state to reactants; that is, the 
transition states somewhat resemble the carbocations to which they give rise. 
Therefore, the two transition states can be represented as 


i 8+ 

CH3—CH==CH, and CHs — CH=CH, 
H H 

cis" ce 


corresponding to there being a proportion of the unit positive charge which is 
ultimately possessed by the carbocations on the appropriate carbon atoms of the 


*These ions were formerly called carbonium ions. However, it is now considered appropriate to 
reserve the termination -onium for ions whose central atom has a complete electron octet, e.g. 


RyN* R3O* R3S* 
ammonium oxonium sulfonium 


whereas these carbon cations have a sextet in the carbon valence shell. The name carbenium ion has 
been suggested for them, but it is not widely used. The description carbocation will be used here. 
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transition states 
CHCH»CH, + Cl” 


reactants 


products 


Reaction co-ordinate 


Figure 3.3. Energy profiles for the addition of HCI to propytene. 


transition states. It follows that the factors which determine the relative stabilities 
of the carbocations are also effective in determining the relative stabilities of the 
transition states, so that the more stable of the two ions is formed the faster and 
corresponds to a lower maximum on the energy profile (Figure 3.3). 

This discussion is generalized by Hammona’s postulate which states that if a 
reaction step, A + B — C, is strongly endothermic, the transition state resembles 
the product C, whereas if it is exothermic, the transition state resembles the 
reactants. 

Hammond’s postulate provides a useful working principle, for many reactions 
occur via intermediates whose structures are known and which are of relatively 
high energy content. In such cases, it is helpful to regard the intermediate as a 
model for the transition state, for conclusions can then be drawn about the effect 
which a change in the structure of a reactant is likely to have on the rate of the 
reaction. Some examples are illustrative. 


(1) Alkenes substituted with electron-withdrawing groups undergo addition of 
HX in the opposite manner to that of unsubstituted alkenes, e.g. 


cl 
Z~co,f~t + HCL — ~~ c0.Et 


This is because the intermediate CH)—CH,—CO,Et is of lower energy than 
CH;--CH—CO,Et, in which the positive charge is adjacent to the strongly 
electron-withdrawing ester group. 

(2) The rates of addition of HX to three typical alkenes decrease in the order, 
(CH3).C==CH, > CH;—CH==CH, > CH)==CH). This is because the relative 
stabilities of the carbocations formed in the rate-determining step are, 
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CHs. + + 
C-CH, > CHy-CH—-CH, > CH)—CH, 


chY 


which in turn follows from the fact that the stability is increased by the electron- 
releasing methyl group, three such groups being more effective than two, and two 
more effective than one. 

(3) Compounds in which a C—H bond is adjacent to one or more groups of 
—M type are acidic (p. 47) and undergo a number of base-catalyzed reactions 
such as bromination. Typical values of pK and the first-order rate constants for 
bromination at the same C—H position are: 


CH,CO EtO.C_ LCO.Et CH,CO_ _CO.Et CH,CO_ LCOCH, 
3 > 2 7 2 3 a 2 3 2 
H H H 
pK 20 13.3 10.7 9 
ks) 5x07 2x 10° 10-3 2x 107? 


The more acidic the C—H group, the faster is the rate at which bromination 
occurs. This is because bromination, and the other base-catalyzed reactions, occur 
via the corresponding anions, e.g. CH;—CO—CH) from acetone, and it is the 
formation of the anions which constitutes the rate-determining step: 


H H CH CH 

in hr ee 
re) ie) 

CH, ak + Bro = CH sero. (further bromination) 
re) oO 


Hence any factor which stabilizes the anion, and thereby increases the acidity of 
the C—H bond, stabilizes the transition state which precedes the anion and 
enhances the rate of reaction. Some exceptions to this generalization are known; 
e.g. the pK of nitromethane is 10.2, so that it is a slightly stronger acid than 
CH3;COCH,CO,Et (pK 10.7), but its rate of ionization (5 x 107° per second) is 
much less. It must be emphasized, therefore, that this rate-equilibrium correlation 
is not quantitative and should be used only as a helpful guide. 

(4) Quantitative correlations of rate and equilibria do, however, occur. The 
second-order rate constants for the alkaline hydrolysis of the benzoic esters 
R—C,.H,—CO,Et (in aqueous acetone at 25°C), where R is a meta or para 
substituent on the benzene nucleus, together with the pK values for the cor- 
responding acids (in water at 25°C) are: 


R p-CH; mCH,; H_ p-Cl mCi m-NO, p-NO, 
10°k/dm?mol"'s"! 2.3 3.5 4.9 21.2 363 310 510 
pK 4.37 427 420 3.98 3.83 3.49 3.42 


A plot of logk against pX is linear: 
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logk = —ppK + A 


where p and A are constants. Since the point for the unsubstituted compound is 
fitted by the straight line, logkg = —ppX + A, so that 


log(k/ky) = p(pKo — pK) 


Since logk « AG* and pK « AG, where AG” and AG are the free energies of 
activation and ionization, respectively, there is a linear free energy relationship 
between the hydrolysis rates and the acid strengths. This correlation has the 
following basis. The rate-determining step of the hydrolysis is the addition of 
hydroxide ion to the carbonyl! group of the ester: 


Ar Ar. 
=O + OH” == HO—O" 
EtO EtO 


The transition state has some of the character of the resulting intermediate and 
can be represented as 


In the passage to the transition state, therefore, the electron density in the vicinity 
of the ester group is increased, just as it is in the ionization of the corresponding 
acid (ArCO,H — ArCO;). A substituent which withdraws electrons from the 
nuclear carbon adjacent to the functional centre (e.g. m-NO,) stabilizes both the 
transition state of the hydrolysis and the product of the ionization, resulting in a 
reduction of the free energy of activation of the former (increasing k relative to 
Ko) and in the free energy of ionization of the latter (decreasing pK relative to 
pKo). An electron-releasing group (e.g. p-CH3) has the opposite effect. 


Analogous correlations are obtained between log k for reactions of other deriva- 
tives of benzoic acid, such as the acid-catalyzed hydrolysis of benzamides, and the 
pK values of the corresponding benzoic acids. The magnitude of p varies with the 
reaction, and its sign (positive or negative) depends on whether the reaction rate 
is increased or decreased, respectively, by the withdrawal of electron density from 
the functional centre. It is convenient to define (pKg — pK) as o, which is a 
constant for a given substituent. Then 


log(k/ko) = op 
which is known as the Hammett equation. Typical o values are: 


Substituent CH; F Cl NO, OCH; 
Sos (sete position -—0.07 0.34 0.37 0.71 0.11 
para position ~—0.17 0.06 0.23. 0.78 —0.27 


The order of effects measured by o values follows qualitatively from the 
principles which govern the polar properties of substituents and the strengths of 
acids. As a typical example, the o value of m-NQz is less than that of p-NO, 
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because the —/ effect of this group (p. 30) is reinforced when the substituent is 
in the para position by its —-M effect (p. 32). 

Linear free-energy relationships do not hold for ortho-substituents or in aliphatic 
systems because steric effects become important: a substituent can physically 
impede the approach of the reagent to the functional centre. This can be of 
considerable significance, e.g. ethyl 2,6-dimethylbenzoate is effectively inert 
to base-catalyzed hydrolysis. Many other examples of steric hindrance will be 
described in later chapters. 


(b) The effect of solvent 


The rate of a reaction in solution is almost always dependent, and often very 
strongly dependent, on the nature of the solvent. 

Consider again the solvolysis of t-butyl chloride, the rate-determining step of 
which is the formation of the t-butyl cation (p. 53): 


= (CHT +) Cr 


(CH3),C-Cl 


At the transition state, the carbon-chlorine bond is partially broken and the 
covalent bonding pair, which is ultimately associated completely with chlorine, 
has been considerably displaced towards chlorine 


& OS 
(CHg)3C ----Cl 


so that there is a separation of unlike charges in passage from reactant to 
transition state. 

Two characteristics of the solvent play a part in determining the relative free 
energies of reactant and transition state and therefore the rate of reaction. First, 
energy is needed to separate the unlike charges, and the amount of energy 
decreases as the dielectric constant of the solvent increases.* Consequently, the 
reaction rate increases with the dielectric constant. The dielectric constants of 
commonly used solvents are: 


Water 79 Ethanol 24 
Dimethyl sulfoxide, (CH3)2.S0 (DMSO) 49 Acetone 21 
Dimethylformamide, HCON(CH3)2 (DMF) 37 Acetic acid 6 
Methanol 33 Diethylether 4 
Hexamethylphosphoric triamide ((CH3)2N)3PO (HMPA) 30 Benzene 2 


Second, the solvating power of the solvent is important. The transition state can 
be stabilized by solvation of both the developing positive and the developing 
negative ions. This occurs with water and alcoholic solvents: the developing 
carbocation is solvated by the electron-rich hydroxylic oxygen and the developing 


*The dielectric constant of a medium is equal to the attractive force between opposite charges in a 
vacuum relative to that in the medium. 
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chloride ion is solvated by hydrogen-bonding to the hydroxylic hydrogen, which is 
positively polarized by the electronegative oxygen atom: 


The solvents DMSO, DMF, and HMPA, although strongly polar as measured by 
their dielectric constants, are less effective solvents than alcohols because, while 
they can stabilize cations through interaction with their negatively polarized 
oxygen atoms, they do not contain positively polarized hydrogen atoms for 
hydrogen-bonding to anions. They are described as polar aprotic solvents. 

In a second class of reaction, e.g. 


HO +  (CHg)3S* — HO-CH, + (CHa)2S 


there is a partial neutralization of unlike charges in passage to the transition state, 


transition state 


and these reactions occur more slowly as the dielectric constant and solvating 
power of the solvent are increased. 

In a third class of reactions there is a slight dispersal of charge in the rate- 
determining step, e.g. the alkaline hydrolysis of methyl iodide: 


* 5- 6- 
HO + CH,-t — HO----CH3----- { — HO-CH 3 + I 
transition state 


The reactant hydroxide ion, in which the charge is more concentrated, is more 
effectively solvated and stabilized than the transition state, so that the reaction 
occurs more slowly as the anion-solvating power of the solvent is increased. An 
extreme example of this type is provided by the reaction of bromobenzene with 
an alkoxide ion: 


Ph-Br + “OR = Ph-OR + Br 


The formation of the transition state, 


&- 
Br RO.'Br RO (Br OR 
O=6@-O-O-» 
transition intermediate product 


state 
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involves the dispersal of charge, so that the reaction is slower in a solvent which 
solvates anions strongly, such as an alcohol, than in a non-solvating medium. In 
practice, reaction with t-butoxide ion occurs about nine powers of ten faster 
in dimethyl sulfoxide, which has little ability to stabilize (CH;);C—-O , than in 
t-butanol, where the rate is negligible. 

In general, reactions where the activation process involves the separation of 
unlike charges occur more rapidly as the polarity of the medium is increased, 
whereas those involving the partial neutralization of charge or the dispersal of 
charge occur more slowly. Many synthetic processes are of ionic type, as will be 
seen in the course of the text and it is necessary, therefore, to pay careful 
attention to the choice of the solvent in planning an organic synthesis. 


(c) Ring closure 


Whereas the esterification of acetic acid by methanol is very slow in the absence 
of an acid catalyst, the lactonization of 4-hydroxybutyric acid, 


HO._UA_CO2H — e. Oo + H2O 
fe) 


occurs essentially spontaneously. The reason for the difference becomes apparent 
when the transition states for the processes are considered. In each case, the rate- 
determining step involves the formation of the new C—O bond and at the 
transition states this bond is partially formed: 


CHg CH CHs 5, CHs 5. 
fe) =O me Qeeveene ee ez 
/ / 
H HO H HO 

5 

Cre —~ be 

° OH 9 OH 
H H 


In the esterification, passage to the transition state necessitates two molecules 
coming together to form one species so that translational freedom is lost and AS? 
is correspondingly large and negative. On the other hand, in the lactonization 
only internal, or vibrational, freedom is lost, and the AS%, term is much smaller 
than the AS} term for the intermolecular analogue, though still negative. The 
AH™* terms are similar in magnitude, for the same types of bond-forming and 
bond-breaking processes occur in each case and there is comparatively little strain 
in the lactone ring which is being formed. Consequently AG* is smaller for 
lactonization and this process occurs faster than esterification. 

This discussion both reveals the significance of the PZ factor of the Arrhenius 
equation in these reactions and shows that the factors which determine the 
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relative rates of the two reactions are essentially the same as those which deter- 
mine the relative equilibrium constants (cf. p. 16). 

The similarity between the factors controlling rates and those controlling equili- 
bria can be taken further. For example, in an intramolecular reaction leading to a 
four-membered ring, AS* is less negative than in one leading to a five-membered 
ring for the acyclic reactant in the former case has fewer conformations than that 
in the latter, so that there is less loss of internal freedom (AS%j,) in the formation 
of the transition state. However, AH” is larger for the four-membered ring 
because of the strain in the cyclic transition state and this factor outweighs the 
TAS” term. Hence AG® is larger for the formation of a four-membered ring, and 
ring closure occurs more slowly (e.g. B-hydroxy-acids, unlike y-hydroxy-acids, do 
not lactonize spontaneously). 

At first sight surprisingly, three-membered rings are usually formed faster than 
four-membered rings. This is because the greater strain (leading to a higher AH”) 
in the transition state for the former is more than offset by the greater probability 
(less negative AS”) that the ends of the chain shall come together for bond 
formation. 

The entropy term is less favourable for the formation of a six-membered than a 
five-membered ring and, unless there is a significant strain factor involved in the 
formation of the five-membered ring, this is formed the faster. For larger sized 
rings the entropy term becomes increasingly unfavourable and there is in addition 
a small amount of torsional strain in the cyclic transition states for seven- to 
twelve-membered rings. 

The combined effects of the enthalpy and entropy factors are illustrated for the 
cyclization of some bromo-amines: 


(CHa),,.2 (CHa)n.2 
HN —- CHBr HN 


n 3 4 5 6 7 0 15 
kyetarive 0-12 0.002 100 1.7 0.03 1078 1074 


Cyclizations of bifunctional compounds compete with the corresponding inter- 
molecular reaction between two molecules of the compound. In typical reaction 
conditions, the formation of five- and six-membered rings is strongly favoured 
over the intermolecular process, and indeed such cyclizations often occur in 
milder conditions than analogous intermolecular reactions, as in the lactonization 
of 4-hydroxybutyric acid described above. The formation of three-, four-, and 
seven-membered rings competes less successfully and yields of the cyclic products 
are usually low. Rings with more than seven members are usually not formed in 
significant amounts. It should, however, be remembered that the competition 
between the intra- and inter-molecular reactions depends not only on the ring size 
but also on the concentration of the reactant. Since two molecules are necessary 
for the intermolecular process and only one for cyclization, high dilutions favour 
cyclization, and this principle has been employed in a technique for synthesizing 
large rings (p. 229). 
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Problems 


(d) Thermodynamic versus kinetic control 


In most reactions which can proceed by two or more pathways each of which gives 
a different set of products, the products isolated are those derived from the 
pathway of lowest free energy of activation, regardless of whether this path results 
in the greatest decrease in the free energy of the system. These reactions are 
described as being kinetically controlled. 

If, however, the reaction conditions are suitable for equilibrium to be estab- 
lished between the reactants and the kinetically controlled products, a different 
set of products, formed more slowly but corresponding to a lower free energy for 
the system, can in some instances be isolated. Such reactions are described as 
being thermodynamically controlled. 

Consider the reaction of naphthalene with concentrated sulfuric acid. Two 
monosulfonated products are in principle obtainable: 


H §0,0H 


som 


2-sultonic acid 


The 1-derivative is formed the faster of the two but the 2-derivative is thermo- 
dynamically the more stable (at least in part because of the repulsive forces 
between the sulfonic acid group and the hydrogen, shown, in the 1-isomer). The 
situation can be represented schematically as in Figure 3.4. 

At low temperatures (c. 80°C), sulfonation at the 1-position occurs fairly 
rapidly whereas that the 2-position is very slow. The free energy of activation for 
the desulfonation of the 1-sulfonic acid is such that in these conditions this product 
is essentially inert and is therefore isolated. At higher temperatures (c. 160°C), 
desulfonation of the 1-sulfonic acid becomes important and equilibrium is fairly 
rapidly established between this product and the reactants. The rate of formation 
of the 2-sulfonic acid is now also greater, so that gradually most of the naphthalene 
is converted into the 2-derivative and this becomes the majof product. 


1. It is said in some elementary textbooks that ‘reaction rates double when the 
temperature rises by 10°C.’ What is the activation energy of such reactions? 
(Assume that the statement refers to reactions occurring at or near room 
temperature.) 
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transition state 
<<" for 2-substitution 


transition state 
for 
1-substitution 


reactants 1-derivative 


2-derivative 


Reaction co-ordinate 


Figure 3.4 Free energy profile for the sulfonation of naphthalene*. 


The second-order rate constant for the alkaline hydrolysis of ethy! phenyl- 
acetate (PhCH,CO,Et) in aqueous acetone varies with temperature as follows: 


T(°C) 10 25 40 55 
10?k(dm? mol™'s~') 1.74 4.40 10.4 23.6 


Calculate the activation energy, AE, and the pre-exponential factor, PZ, for 
the reaction. 


Two reactions have, respectively, A = 10°dm* mol7's~',-AE = 60kJ mol™', 
and A = 10'°dm? mol~'s~', AE = 70kJ mol~!. At what temperature would 
the rate constants be equal? 


The kinetics for the solvolysis of PhzCHCI in aqueous acetone are given by 
—d[Phy,CHCl]/de = k[Ph,CHCI]/(1 + k’[Cl7]) 
Suggest an explanation. 


Phenylnitromethane, PhCH,NOy, is a liquid which dissolves in sodium hy- 
droxide solution. Acidification of the solution precipitates the tautomer, 

o 

+ 
pncH? ou 

as a solid, but this then slowly reverts to the original liquid. Explain the 
chemistry of the formation of the tautomer and draw an energy profile 
consistent with the observations. 


*For simplicity, intermediates are not shown. 
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6. The Cannizzaro reaction on benzaldehyde is thought to have the following 


mechanism: 


oO 
- fast 
HO —=— 
PhCHO) + eat OH 


slow - 
Siow | PhCH,O 
Me ee + PhCHO Avon ‘ 3 


PhCOjH + PhCH,O” 2. PhCOs +  PhCH2OH 


What kinetics would you expect the reaction to follow? 


Derive the kinetic expression given on p. 54 for the decarbonylation of 
acetaldehyde. 


The following mechanistic scheme has been postulated for the reaction 
between iodine and an organic compound, HA, in the presence of hydroxide 
ions in aqueous solution: 


ki 
HA + OH” = A’ + #H,0 


ka 
A= sso tA 4S 


Assuming that the concentration of A™ is at all times very much smaller than 
that of HA and IA, derive an equation for the rate of change of [HA] in 
terms of the rate constants and the concentrations of HA, OH”, and I, (OH™ 
and I, being present in excess). 


In a reaction sequence 


ky k2 
A=B>C 


-1 
C has a lower free energy than A, and k, > k_, > k,. Draw an energy 
profile, and derive the kinetic equation. 


Mechanism 


Many organic reactions seem at first glance to be highly complex, involving 
extensive reorganization of the bonds of the reactants. An example is the Skraup 
synthesis in which quinoline is obtained in yields of up to 90% by heating a 
mixture of aniline, glycerol, nitrobenzene, and concentrated sulfuric acid: 


OH heat with 

cone. H2SO4 y 
a: See: Ey 
NH, N 


Such complex reactions usually consist of a number of simple steps in each of 
which a comparatively small reorganization of bonds takes place and that lead to 
intermediates which undergo further reaction until the final product is reached. 
The Skraup synthesis, for example, consists of the following steps: 


OH 
(HzSO4) con (H2SOu) 


-H,0 CO (PhNOz)_ CLS 
N > He N Z 


Even reactions which may appear simpler often consist of a number of steps. 
For instance, the nitration of benzene by a mixture of concentrated nitric and 
sulfuric acids, whose stoichiometry is represented by 


4.1 

Unit processes 
in organic 
reactions 
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PhH + HNO, 12800. prno, + H,O 


occurs through the following stages: 
HO-NO, + HSOQ, === H,0-NO, + HSO; 


+ 
H,O-NO, === HO + NOS 


H NO, H NO, H NO, NO, 
Oak O- CO]+ 0 


+ 


There is, indeed, a comparatively small number of basic processes and each 
reaction is a combination of these. Five such processes may be recognized: (a) bond- 
breaking, (b) bond-forming, (c) synchronous bond-breakage and bond-formation, 
(d) intramolecular migration, and (e) electron-transfer. 


(a) Bond-breaking 


A covalent bond A—B may break in one of two ways: either homolytically to 
give A- + B-, or heterolytically, to give A* + B™ or A~ + BY. 


(i) Homolysis, or homolytic fission, occurs on heating to moderate temperatures 
those compounds that either contain an intrinsically weak bond, such as O—O, 
or that, on dissociation, liberate a particularly strongly bonded molecule, such as 
N.. Peroxides illustrate the former class, e.g. 


° fe) 
OL Ph 
eae Y 2 aa 
fe) 
CH CH C CH, 
: 0. LCHg Peete 2 Hg 
CHy OK hee 
3 
CHy 


and certain azo compounds illustrate the latter, e.g. 


The activation energy for homolysis is usually barely greater than the energy of 
the bond which breaks, for the activation energy for the reverse reaction is 
negligible. In turn, the dissociation energy for a bond is affected by the presence 
of substituents which can stabilize the radicals which are formed by delocalization 
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of the unpaired electron in each. Consequently, the rate of homolysis of a 
particular type of bond is related to the delocalization energy in the resulting 
radicals. For example, the faster rate of dissociation of dibenzoyl compared with 
di-t-butyl peroxide can be related to the delocalization of the unpaired electron in 
the benzoyloxy radical 


which has no counterpart in the t-butoxy radical. 

Homolysis can also be induced by ultraviolet (or sometimes visible) light, 
providing that the molecule possesses an appropriate light-absorbing group 
(chromophore). The principles are discussed in detail in chapter 16. 


(ii) Heterolysis, or heterolytic fission, occurs when the species formed are re- 
latively stable. For example, whereas methyl chloride is relatively inert to water, 
t-butyl chloride is fairly rapidly hydrolyzed, reaction occurring through the t-butyl 
cation: 


(CHg)3C-CI —= (CHy),C* + CI” 
+ 
(CHasCt 9+ =H, —= — (CHy)sC-OH, —e — (CHg)gC-OH 


The difference in behaviour is rationalized as follows. The transition state for the 
heterolysis involves the partial breakage of the C-—Cl bond, the bonding pair 
departing with chlorine, and may be represented as (CH3);C**----Cl®-. The 
partially positively polarized carbon species is stabilized, relatively to that involved 
in the heterolysis of methy! chloride (CH;°*----Cl°~), by the three methyl sub- 
stituents, just as the t-butyl cation is stabilized relative to the methyl cation. 
Consequently the activation energy for the heterolysis of t-butyl chloride is less 
than that for methyl chloride. 

The stability of the departing anion is also important. The order of ease of 
heterolysis of some t-butyl compounds is 


(CHg)gC-OH < (CHg)g3C-OAc < (CHg)3C-Cl 
just as the acid strengths lie in the order 
H-OH < H-OAc < H-Cl 


Chloride ion is described as a better leaving group than acetate, and acetate as 
better than hydroxide. The capacity of hydroxyl as a leaving group is increased by 
protonation (H3O* is a far stronger acid than H2O), and this has synthetic utility: 
for example, t-butanol is unaffected by chloride ion but is converted into t-butyl 
chloride by hydrogen chloride:* 


* This is simply the reverse of the hydrolysis of t-buty! chloride. The direction which the reaction takes 
depends on the relative concentrations of water and chloride ion. 
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(CHg),C-OH, + cl 


(3 


(CH,),C-OH 
(CHy)sC-OH, = == (CHC * + «HO 
(CHa)3C* + Cl —* — (CHy)3C-CI 


(b) Bond-forming 


(i) Two radicals (or atoms) may combine, e.g. 


2°CH; —= CH3-CH, 
CH) + Cl -—<—.» CH-C 
2c — Ch 


These reactions are the reverse of homolysis. They normally have very low 
activation energies and occur rapidly, although some radicals, particularly those 
which are sterically congested (section 17.1), are stable in certain conditions. 

Many reactions involve free-radical intermediates: the radicals react with neutral 
molecules giving new radicals which perpetuate a chain reaction. Combinations 
of radicals such as those above lead to the termination of the chain and are 
disadvantageous. However, despite the large rate constants for combination, long 
chains can be propagated because the concentration of radicals is usually small 
so that their rate of combining (which is proportional to the product of the 
concentrations of two radicals) does not necessarily compete effectively with the 
chain-propagating steps in which a radical reacts with a molecule which is present 
in far higher concentration. 

(ii) Oppositely charged ions may combine, e.g. 


(CHygC* + CHO — (CH,)3C-Cl 


This is the reverse of heterolysis. When the positive ion is a carbocation, reaction 
is almost always rapid and rather unselective with respect to different anions. It 
should be noted that positive ions which are electronically saturated do not 
combine with anions, e.g. quaternary ammonium ions such as (CH3)4N* form 
stable salts in solution, comparable with those formed by alkali-metal cations, 
since the quaternary nitrogen, unlike the electron-deficient carbon in a carbocation, 
does not possess a low-lying orbital which can accept two electrons. 
(iii) Anion may add to a neutral molecule, e.g. 


(CHy)Ct + HO —~ — (CHy)C-OH, 


C+ AI, OIC 


For addition to a cation, the neutral molecule must possess at least one unshared 
pair of electrons (i.e. it must be a base, the positive ion acting as a Lewis acid), 
whereas for addition to an anion it must possess the ability to accept an electron- 
pair (i.e. it must be a Lewis acid). It is convenient to define new descriptive terms 
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for these and other species. Cations and electron-deficient molecules which have a 
tendency to form a bond by accepting an electron-pair from another species are 
termed electrophilic (‘electron-seeking’), and anions and molecules with unshared 
pairs of electrons which have a tendency to form a bond by donating an electron- 
pair to another species are termed nucleophilic (‘nucleus-seeking’). These terms 
are most commonly applied to species reacting at carbon, e.g. in the reaction 


(CHy)gc* + = OAC —= —— (CH,)gC-OAc 


the acetate ion is acting as a nucleophile. 


(c) Synchronous bond breakage and bond formation 


In the transition state of these reactions, one or more bonds ate partially broken 
and one or more are partially formed. The energy required for bond breakage is 
partly supplied by the energy evolved in bond formation, so that the activation 
energy is less than that for the bond-breaking reactions alone. 

There are two major categories of synchronous reactions: (i) a single bond is 
broken and a single bond is formed; (ii) a double bond is converted into a single 
bond (or a triple bond into a double bond) while a single bond is formed. 
Examples of the two are: 

@) CN" + CHa-t = = ~—sCHa-CN + Oo 
CH, CHy 
i) CNT + Oo —- NC--O 
H 


These two reactions clearly have the same basis: one bond is cleaved heterolytically 
while a second bond is formed by nucleophilic attack on carbon. Despite this 
similarity, it is convenient to discuss the two types of reaction separately. 

(i) The examples below are classified with respect to the element which 
undergoes synchronous substitution. 

Carbon is substituted by nucleophiles when it is attached to an electronegative 
group which can depart as a relatively stable anion. Whereas displacement on an 
alkane, e.g. 


HO" +  CH3—H —_ HO-CH,; + Ho 


does not take place because of the high energy of the hydride ion, the reactions of 
alkyl halides and alkyl sulfates and sulfonates, such as 


HgN + CH3—I — HN-CH, + I" 
ROT + CHg-OSO;,0CH, = RO-CH,; + CH,0S0,0° 
ROT + CH, ~ OSOAr — RO-CH, + ArSO20°~ 


occur readily. The transition states are represented as, e.g. 
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and a common symbolism for this reaction type, which indicates the electronic 
movements, is: 


no” Yon, “Ss0,00+, —- RO-CH, + CHj0SO,07 


Note that groups which form less stable anions, such as —OH and —NHhb, are 
not displaced from carbon, e.g. it is not possible to form an ether from an amine, 


RO- + CH3—NH2 < RO-CH, + NH, 


Carbon is substituted by electrophiles when it is attached to a strongly electro- 
positive group, i.e. a metal, as in the reaction of a Grignard reagent with an acid 
(p. 188): 

H* + CH s-MgBr —= CH, + Mg? + Br 
Carbon does not undergo synchronous substitutions with radicals or atoms. 

Hydrogen undergoes attack by nucleophiles when it is attached to an electro- 

negative group, e.g. 
HO + H-Cl —= HO + Cl 
HO +  H-CH,CHO —= ~ 4H,0 +  “CHCHO 


These reactions are reversible and are, of course, better described as acid—base 
equilibria; the principles which govern the position of the equilibrium have been 
described (p. 42). It should be noted that, whereas reaction is normally very fast 
when hydrogen is attached to oxygen, nitrogen, or a halogen, abstraction from 
carbon is often very slow; for example, the first-order rate constants for the 
ionization of acetic acid and nitromethane in aqueous solution at 25°C are, 
respectively, about 10° and 10~® per second. 

Hydrogen is attacked by electrophiles when it is bonded to a strongly electro- 
positive element, as in certain metal hydrides such as lithium aluminium hydride, 
LiAlH,, which contains the AIH, ion. For example, the electrophilic carbon of 
the carbonyl group reacts to form a C—H bond (p. 130): 


A R R 
HAH Sch — H—-O” + AIH; —= H-)—OAIH, 
R' R’ R' 
Hydrogen is attacked by radicals and atoms in a number of different structural 


environments, e.g. 


AH 
(kJ mot’) 


Cl- + H-CH, ae, HCI + *CH3 -2 
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Br. + H-CH3 — HBr + *CH3 +62 
CH3CHp- + H-Br ——~  CH,CH, + Br. -37 


The chief characteristic of these reactions is that they inevitably lead to the 
formation of a new radical which can itself abstract an atom from another 
molecule so that chain reactions are propagated. Those abstractions which are 
exothermic, such as that of the ethyl radical with hydrogen bromide, usually occur 
rapidly (a rough guide is that the activation energy is about 5% of the dissociation 
energy of the bond which is broken), whereas those which are endothermic are 
relatively slow (the activation energy is necessarily at least as great as the reaction 
enthalpy). Nevertheless, processes which are only moderately endothermic take 
part in chain reactions. For example, the reaction of the bromine atom with 
methane constitutes one step in the radical-catalyzed bromination of methane 
(p. 531). Conversely, reactions of the reverse type, such as that of the ethyl 
radical with hydrogen bromide, also occur in chain processes such as the radical- 
catalyzed addition of hydrogen bromide to alkenes (p. 534). 

Oxygen and nitrogen undergo synchronous substitution only rarely; both ele- 
ments, as, for example, hydroxide ion and ammonia, instead react primarily 
as nucleophiles, adding to unsaturated electrophilic centres and substituting at 
saturated electrophilic centres. Some useful examples are known, however, such 
as the formation of N-oxides, e.g. 


‘ “O.CR lan 
( \r f.. heat to 
ap ove a “COM ay 


and the formation of amines from Grignard reagents and O-methylhydroxylamine 
(p. 196) 


Nr 
Britg—p » NH)-OCH, —>  R-NH, + MgBr(OCHs) 


The halogens chlorine, bromine, and iodine undergo displacement by nucleo- 
philes as in the halogenation of carbanions, e.g. 


E fr 
cHcocH;’ » Br—B8r _— CH3COCH2Br + Br- 


The success of the reaction is related to the ability of a halogen atom to depart as 
an anion. 
Haiogen molecules also react with radicals, e.g. 


‘CH, + Clo aces CHCl + Ch 


as in the radical-catalyzed halogenation of alkanes (p. 530). 

The fluorine molecule reacts so violently with most organic compounds that it 
has little use as a synthetic reagent. The vigour of reaction is a result of the small 
bond dissociation energy of F—F together with the very large bond energies of 
H—F and C—F (p. 8). 
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(ii) Nucleophiles, electrophiles, radicals, and atoms add to unsaturated bonds, 
of which those most frequently encountered are: 


C=C in alkenes and aromatic compounds 

C=C in alkynes 

Cc=0 in aldehydes, ketones, amides, acids, esters, anhydrides, 
and acid halides 

C=N in nitriles 


Other unsaturated groupings include C=N (in imines), N==O (in nitroso and 
nitro compounds), N==N (in azo compounds), and C==S (in thio analogues of 


carbonyl-containing compounds). 
There are marked differences in the ease with which addition occurs. Simple 


alkenes react readily with electrophiles and radicals, e.g. 
CHa=CH, + Ht — CH,—CH> 
CH=CH, + Br  —=  — CH)Br—CHy 


but do not react with nucleophiles. On the other hand, the carbonyl group reacts 
with nucleophiles, e.g. 


RC=0 + CN —= NC--O 
R 


this difference from alkenes resulting from the fact that oxygen is better able than 
carbon to accommodate the negative charge in the adduct. Likewise, the cyano 
group reacts with nucleophiles to give an adduct in which the charge is accom- 
modated by nitrogen, e.g. 


R-C=N + OH —* =n" 


Alkynes react with electrophiles less readily, and with nucleophiles more readily, 
than alkenes. For example, acetylene itself, unlike ethylene, reacts with alkoxide 
ions in alcoholic solution at high temperatures and pressures: 


RO 
RO + HSS H =CH 
H 


The difference is ascribed to the fact that unsaturated carbon is more electro- 
negative than saturated carbon (cf. the greater acidity of acetylene than ethylene). 
An aromatic double bond in benzene reacts less readily than alkenes with all 
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reagents as a result of the loss of aromatic stabilization energy which accompanies 
addition, e.g. 


H NO, 


O + No+ er 


However, the presence of substituents which can stabilize the resulting adduct 
increases the rate of addition. 


(d) Intramolecular migration 


In certain structural situations a group migrates from one atom to another in the 
same species without becoming ‘free’ of that species. Three classes of migration 
may be distinguished. 


(1) The group migrates together with the bonding-pair by which it was attached 
in the original species. For example, the neopentyl cation rearranges to a tertiary 
cation by the migration of a methyl group, represented as follows: 


CHa oH CH; CH, 
CH, Ss = yt H 
cHf oH cHf oH 


The thermodynamic driving force for the reaction lies in the greater stability of a 
tertiary than a primary carbocation (p. 62). 
(2) The group migrates with one electron of the original bonding-pair, e.g. 


Ph Vi Ph Ph 
Ph— ce ye 
ot H PH " 


The driving force is the greater stability of the tertiary radical, in which the 
unpaired electron is delocalized over two aromatic rings, than the primary radical. 
(3) There are anionic counterparts of (1), e.g. 


H CH CH, 
=O =e H-}—O 
fe a 


the driving force of which lies in the greater capacity of oxygen than of carbon to 
be anionic. It was at one time thought that in this and related rearrangements, the 
group migrates with neither of the original bonding electrons, as represented by 


H 77” GH CH3 
=O) Ae H>-O 
of. org 


but it is now believed that radical-pairs are involved: 


79 


80 


PRINCIPLES OF ORGANIC SYNTHESIS 


4.2 


Types of 
reaction 


*CHg 


H  CHs HH H *CHs CH, 
9 ‘ —O owe y-0 — H-)—O 
Pr PH Ph PH 


These, and related, migrations occur as unit steps in intramolecular re- 
arrangements (chapter 14). 


(e) Electron-transfer 


Species which have a strong tendency to give up one electron (low ionization 
potential) can react with species with a strong tendency for electron-acceptance 
(high electron affinity) by electron-transfer. The well known mode of formation of 
inorganic salts from electropositive metals and electronegative elements or groups 
has as its organic analogues such reactions as 


Na+ PhC=O —= Nat + Ph C-O 


Feet 4 RO-OH —» Fe* + RO: + OH 


Organic compounds may be electron-acceptors, as in the above examples, or 
donors, as in 


Fe** 4 PhO-H — Fet 4, PhO) + H 


+ 


Donation or acceptance by a neutral organic compound gives rise to a radical 
which normally undergoes further reaction. For example, the acceptance of an 
electron by acetone from magnesium gives (CH3),C—O™ which dimerizes to 

CH; .. 
CH,~ —& 
‘ig? 


Treatment with acid leads to pinacol, (CH3)2C(OH)—C(CH3)2(OH) (pinacol 


reduction, p. 656). 
It should be noted that the uptake of electrons by an organic compound 
constitutes reduction (chapter 20) and the loss of electrons constitutes oxidation 


(chapter 19). 


Combinations of the unit processes described in the previous section give reactions 
of various types. For example, when ethyl acetate is heated under reflux in 
ethanol containing sodium ethoxide, the sodium derivative of acetoacetic ester is 
formed: 


2CH,CO2Et + NatOEt” —= {CHyCOCHCO2Et] "Na* + 2£10H 
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The unit processes which combine in the overall reaction are: an acid-base 
equilibrium (1), bond-formation (2), heterolytic bond-breakage (3), and a second 
acid-base equilibrium which lies well to the right (4) 


es (1) - 
CH3zCOzEt + EtO —= CH2CO2Et + EtOH 


H3 CH, 
: oO 2 (ApS CH 
Et0,CCH; eee Be 10,0040 8. 10,04 Ly 

EtO E10. 6 


CH (4) ~ CH 
E10,07 ° + EtO —-_. Et0,07 Y~ : + EtOH 
oO 10) 


It is convenient to employ descriptive terms to overall processes such as 
this, and the reactions described hereafter are classified as addition, elimin- 
ation, substitution, condensation, rearrangement, pericyclic reactions, and 
oxidation—reduction. 

Subdivision of these reactions is helpful, and in many cases the reaction can be 
classified with respect to the nature of the reagent which reacts with a given class 
of organic compound. For example, additions to unsaturated bonds are divided 
into those in which the reagent is, respectively, an electrophile, a nucleophile, and 
a radical or atom. The following are the more important reagents. 


(i) Electrophiles 


@ Hydrogen, in the form of a proton-donor such as H3O* or a carboxylic acid 

@ Halogens: chlorine, bromine, and iodine 

© Nitrogen, as the nitronium ion (NOZ), the nitrosonium ion (NO*), ‘carriers’ 
of these ions from which the ions are readily abstracted (e.g. alkyl nitrites, 
RO—NO), and aromatic diazonium ions (ArN}) 

e Sulfur, as sulfur trioxide, usually derived from sulfuric acid 

Oxygen, as hydrogen peroxide, peroxyacids, and ozone 

@ Carbon, as a carbocation (e.g. (CH3)3C*) 


(ii) Nucleophiles 


@ Oxygen, in HO, ROH, RCO2H, and their conjugate bases (OH, RO™, 
etc.) 

e Sulfur, in HS and RSH and their conjugate bases, and hydrogen sulfite ion 
(HSO;) 

@ Nitrogen, in NH; and NH, amines, and amine derivatives (e.g. NH2OH) 

@ Carbon, in cyanide ion (CN~), acetylide ions (HC==C™ and RC=C _), car- 
banions (e.g. CH;COCH; ), and organometallic compounds (e.g. CH;— Mgl) 

@ Halide ions (F~, Cl”, Br~, I-) 

e Hydrogen, as hydride ion and ‘carriers’ of this ion (e.g. LiAlH,). 


81 


82 PRINCIPLES OF ORGANIC SYNTHESIS 


4.3 
Addition 


(iii) Radico!s and atoms 


@ Halogen atoms (-Cl, -Br) 
e@ Alkyl and aryl radicals (e.g. -CH3, Ph-) 


(a) Electrophilic addition 


(i) Alkenes. Electrophilic reagents add to alkenes in a two-step process: an 
organic cation is formed in the first step and reacts with a nucleophile in the 


second. 
The organic cations are not simple carbocations but have bridged or otherwise 


complexed structures. The best understood of the bridged ions is the bromonium 
ion, which is usually represented as a hybrid, e.g. 


Br Br Br 


/\ \ f% 
R,C=CHR S2-  A,C—CHR => R,C—CHR == ALC—CHR 


in which the second structure, a tertiary carbocation, is a more important con- 
tributor to the hybrid than the third, a secondary carbocation. The chloronium 
ion is believed to be less strongly bridged; that is, the cyclic structure is of relatively 
less importance in the hybrid. Adducts with sulfur and selenium electrophiles, 


e.g. 


i 
RSeCi x 
“c=c" —_ aes G—COrn 


are believed to be more strongly bridged. 

Hydrogen halides and other acids do not form bridged ions with alkenes. 
With one exception, the characteristics of these reactions are consistent with the 
mediation of carbocations; the exception — their stereoselectivity (p. 86) - can be 
accounted for by the contribution of a structure of the type 


H* H—X 


"0004 


ec=ce or osc 


The second step determines both the regioselectivity and the stereoselectivity of 
the addition. A strongly bridged ion behaves like an epoxide in an Sy2 reaction 
(p. 590): the nucleophile preferentially attacks the less substituted carbon atom 
from the opposite side of the bridge, e.g. 
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CH 
el = SCH, cl 
H CH CH SCH. 
C cH, CH3SCI OH <P? AN i AY 3 
CH, CH, A CH, Cl CH, 
favoured 94% 6% 


Even when approach from the opposite side is hindered, as in addition to 
norbornenc, anti addition still occurs: 


R 
be 
Zz =e Ze rae . 
pe Cl 


In many cases, bridging is strong enough to ensure that the anti product is at 
least the major, if not the exclusive, product, but it is not strong enough to direct 
attack to the less substituted carbon. Insofar as its regioselectivity is concerned, 
the intermediate ion behaves as the more stable of the two possible cations (and 
will, for simplicity, be displayed as such). For example, the addition of bromine to 
propylene in water, where water competes with bromide ion as nucleophile, gives, 
as well as the dibromo compound, more of the 2-hydroxy product than its 1- 
isomer, consistent with the formation of the more stable secondary carbocation: 


OH On 
+ H.O | 
CH CH=CH, aoe CHsCH-CH, a CHyCH-CHs + CHCH-CHe 
Br Br Br 
major minor 


Likewise, the hydrogen in HX (X = Cl, Br, or I) adds mainly to the less 
substituted carbon atom of an alkene (Markovnikov’s rule) e.g. 


+ 
(CH,),C=CHCH, = (CHa)oC-CH CH,  —2e (CHs)20-CH,CH, 
Cl 
major product 


Other aspects of electrophilic addition, and further details of regio- and stereo- 
selectivity, are as follows. 


(1) Since the formation of the transition state in the addition of a neutral 
reagent to an alkene involves the separation of unlike charges, e.g. 
HCI b+ 5+ $- + z, 
CH=CH, aca CHa ==CHp----H cores Cl oe CH2-CH, + Cl 
reaction occurs faster in a polar, solvating solvent than in a non-polar one. 


(2) The organic reactant acquires positive charge in passage to the transition 
state, so that electron-releasing substituents increase the rate of addition and 
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electron-attracting substituents decrease it. Quantitatively, however, there is a 
marked dependence on the nature of the intermediate cation: for example, as the 
number of methyl substituents attached to C==C is increased, the rate of addition 
of bromine in methanol increases regardless of which carbon atom of the double 
bond is methylated: 
(CH3),C=CH, 
CH y=CH, CH3CH=CH, (CH3)2C=C(CH3)2 
CH,CH=CHCH, 


Kelative ©. 1 107 10° 10° 


In contrast, the rate of addition of a proton depends on the number of methyl 
groups at only one of the two carbon atoms: 


CH, =CH, CH3CH=CH, (CH 3)2C=CHo 


CH3;CH=CHCH, (CH 3)2C=C(CHg)2 


Kratative ©. 1 10° 10° 


The explanation is that, in the formation of a bridged bromonium ion, it is the 
total electron-releasing capability that is important, whereas protonation yields a 
species closer in structure to a carbocation. The stability of the developing 
carbocation is increased much more by an adjacent methyl group than by a non- 
adjacent one: CH;CH—CH; and CH;CH—CH,CHs; are of similar stability, as 
are (CH3)sC—CH, and (CH;),¢—CH)CH. 

(3) Substituents in the alkene of electron-attracting type (—/ and/or ~M) 
retard the rate of electrophilic addition since they destabilize carbocations and, 
since they act more strongly when they are bound directly to positively charged car- 
bon than when they are further away from it, they also reverse the regioselectivity, 


e.g. 
+ 
FaC-CH=CH, + HC) —- F3C-CH2—-CH> + om aoe FgC-CH2-CH,CI 
+ - 
OQ2N- CH=CH, + HCl —= O,N-CH2~- CH, + Cl =e O,N-CH,—-CH,CI 


Halogen substituents appear at first sight to behave anomalously: they retard 
addition, acting in this sense as electron-attracting groups, but orient in the same 
way as the electron-releasing alkyl substituents. The reason is that the halogens have 
opposed inductive (—/) and mesomeric (+M) effects. Consider the addition of a 
proton to ethylene, giving CH;—-CH), and to vinyl chloride, giving CH3—-CHCl 
or CH,.— CH,CI. The third of these ions, CH, — CHC], is relatively less stable than 
the ethyl cation because of the —/ effect of chlorine. The second, CH;—CHCI, is 
more strongly destabilized by chlorine’s —/ effect, since the halogen is nearer the 
positively charged centre, but it is stabilized by the mesomeric effect, 


+ + 
CHy-CH-Cl += CHy—CH=Cl 
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and this factor serves to make CH3,— —CHCI more stable than CH) ~——CH,Cl 


although it is relatively less stable than CH;—CH; (i.e. the —/ effect of chlorine 
outweighs its +M effect). Consequently, the ease of formation of the three ions 
decreases in the order CH,—CH, > CH,—CHCI > CH,— CH,Cl, so that vinyl 
chloride reacts less rapidly than ethylene but orients in the same manner as 
propylene. In the other common substituents of —/, +M type, alkoxyl and amino, 
the +M effect is of greater consequence than the —/ effect so that not only is the 
direction of addition in accordance with Markovnikov’s rule but also the rate 
of addition is enhanced relative to the unsubstituted compound. For example, 
methyl vinyl ether reacts rapidly with hydrogen chloride: 


CHJO-CH=CH, + HC! —= CH;O~CHCI—CH, 
(4) The addition of bromine and chlorine to most alkenes is stereospecific: 


only anti adduct is formed, as shown for the reactions of bromine with cis- and 
trans-2-butene: 


Br CH3 
Cie 
Br 
H” CH; 
+ 
Br 
HCH, Br, ei 
Hou aN? 
: H CH, 
: Br 
Bro 
2 HY CH,CHs 
Br 
()-2,3-dibromobutane 
+ 
Br " ve 
HCH, _Pso orb is 
3 te a 
yy ce 3 4 
ree ae CHy nN Sse ei: eB 
ai meso- product 


However, when the alkene contains at least one aryl group attached to the double 
bond, the selectivity is less: for example, cis-PhCH==CHCH; gives anti and syn 
adducts in the ratio 85:15 with bromine, and rather more of the syn adduct with 
chlorine. This is considered to be because stabilization of the positive charge 
in the intermediate by its delocalization on to the aromatic ring reduces the 
effectiveness of bridging and allows rotation to occur, e.g. 


7 Br Br 
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The effect is more pronounced with chlorine, which is a weaker bridging group. 
The addition of hydrogen halides to alkenes yields mostly anti product, consistent 
with back-side attack on the complex, 


Xx 


but when an aryl group is present, the syn adduct predominates. As with bridging, 
stabilization of the intermediate by the ary! group reduces the effectiveness of 
complex formation, and reaction to give syn adduct may be dictated by collapse of 


an ion-pair: 


ao X H Xx H 


"oso wH Hennes i ae yp, 
—_ “C— CD | Hy tan, 
ae Sr Ph” SR Phi an 


(5) The intermediate cation can lose a proton in preference to reacting with a 
nucleophile. This is favoured both when addition is sterically hindered, as in the 


reaction 


PhgC Ph3C ; Ph3C Ph3C 
cnyoH, = cH = oH ~ cH Se 
and in addition to enols, e.g. 
Br Br 
7 c0,€t + Bro —- CHa coe iat CHa A co,et 
OH *OH 
Br 
a ots COLEt 


ie) 


(6) The cation can rearrange. This is favoured when the new carbocation is 
significantly the more stable, e.g. 
cH ot cH a Be Se ay sot oye ih 
cHf ‘cH CHL CH cHf CH, CHL CH, 
(7) The course of the reaction of vinyl ethers with acids is changed by the 
presence of water: whereas methyl vinyl ether reacts with hydrogen chloride to 
give the adduct, CH;—-CHCI—OCHs; (p. 85), reaction with hydrochloric acid 


gives acetaldehyde and methanol. Here, the intermediate carbocation reacts with 
water to give a hemiacetal which is further hydrolyzed (cf. the hydrolysis of 


acetals, p. 89). 
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H H H H,O H 
ij + + H20 
CH,O~ SCH, = ee —_ bisenoe aes eee 
i 
P HQ H i Q\H + 0 
H H ri cH Jl + CH3OH 
CH,O~ ~CH, CH09 “CH, H~ ~CH, 
H 


(8) Addition to a system containing two or more conjugated double bonds 
gives mixtures of products because the charge in the intermediate carbocation is 
delocalized over two or more carbon atoms each of which can be attacked in the 
second step, e.g. 


H H H 


CH + 
oH? 2 Be cae: a cin Nar | 
H H H 
H 
Bro 
CH; Br + S Br 
Br Br H 


(ii) Alkynes ate somewhat less reactive than alkenes towards electrophiles 
(p. 78). Markovnikov’s rule is followed, and the other general characteristics of 
the reactions are similar, although the stereoselectivity is lower. In general, 
reaction with bromine or chlorine gives mainly anti adduct, consistent with a 
bridged-ion intermediate. 


(iii) Aromatic carbon-carbon double bonds normally react with electrophiles by 
substitution rather than addition because addition would result in the loss of the 
aromatic stabilization energy. If, however, the product of addition is itself strongly 
stabilized, addition can compete with substitution. For example, anthracene and 
bromine give the 9,10-dibromo-adduct which possesses the aromatic stabilization 
energy of two benzene rings:* 


H Br 


OCO-* - 


H Br 


(iv) Carbonyl groups do not react with electrophiles such as bromine, and their 
reactions with proton acids are so readily reversible that the products cannot be 
isolated, e.g. 


*The loss of aromatic stabilization energy on 1,4-addition to benzene is 150kJ mol~', whereas on 
9,10-addition to anthracene it is only (349 — (2 x 150)) = 49kJ mol™'. 
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R R 
OH 
=o + HA = Ci 
R R 


However, the addition of an acid to the oxygen atom of a carbonyl group pro- 
motes the ease of addition of a nucleophile to the carbon atom. These reactions 
are more conveniently classified as nucleophilic additions (see below). 


(b) Nucleophilic addition 


(i) Carbonyl groups. The main features of the addition of nucleophiles to the 
carbonyl groups in aldehydes and ketones are as follows. 


(1) The rate-determining step is the addition of the nucleophile, e.g. 


R R “ 
‘=O + CN —~ . 
A ef SON 
HOR HOR 
iene, ay Ne 
os: S=0 = —-o 
Oo oR dR 


Since the carbonyl group acquires a partial negative charge in the transition state 
of this step, electron-withdrawing groups enhance the rate and electron-releasing 
groups retard it. 

(2) Addition is completed by the uptake of a proton from the solvent. The 
complete reaction scheme for the addition of hydrogen cyanide to a ketone in 
aqueous solution is therefore: 


Row R 
O H20 OH OH- 

\=O + CNT — *« aad . 

m pf CN a CN 


It is now apparent why this reaction is base-catalyzed: hydrogen cyanide is a 
rather weak acid and the function of the base is to increase the concentration of 
the active entity, cyanide ion, the base being regenerated in the second step. 

(3) Bulky groups in the vicinity of the carbonyl group retard the addition, e.g. 
acetone reacts much faster than diethyl ketone with sodium hydrogen sulfite and 
gives a much higher yield-of the adduct (56% and 2%, respectively). The carbonyl 
group in 2,4,6-trimethylbenzaldehyde is so strongly hindered that the compound 
fails to react with the hydrogen sulfite ion. 

(4) Aromatic aldehydes and ketones react less rapidly than their aliphatic 
analogues. This is a result of the fact that, in passage to the transition state, the 
stabilization due to the conjugation between the carbonyl double bond and the 
aromatic ring is destroyed. Electron-attracting substituents on the aromatic ring 
facilitate addition and electron-releasing groups retard it. 

(5) Aliphatic aB-unsaturated carbonyl compounds are similarly less reactive 
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than their saturated analogues. Addition usually occurs instead at the C=C bond 
(p. 91). 

(6) Whereas reactive nucleophiles such as cyanide ion add readily to carbonyl, 
less reactive nucleophiles such as water often react slowly unless the activity of the 
carbonyl group is increased by hydrogen-bonding between the oxygen atom and 
an acid HA, e.g. 


CC, CIC Cl 
HA —~. ‘. 
Fo & ho: 0, =e H.0—)—on + A 
e HHA H 
ENO op ai 
+ OH 


Hydrate formation is readily reversible and hydrates can only be isolated 
from compounds which contain strongly electron-withdrawing substituents at the 
carbonyl group, such as —-CCl, or a second carbonyl group.* However, aldehydes 
react with alcohols in the presence of acid to give isolable acetals, e.g. 


R CH CHg 


3 R R 
)=0 se ‘OQ ‘OtS—-oH + ON 
/ SLA / 
4 H oH ES HH 


Ron Ww Ro, wo | A AS 
= = == o —_ +o 
‘e x = ‘CH, 


N 
a hemiacetal 
I+ R 
CH3OH OFC Ht rahe 
H OCH, H OCH, 
an acetal 


The intermediate hemiacetal is not isolable’ but undergoes acid-catalyzed elim- 
ination of water to give a new cation; here, water acts as a good leaving-group 
and cation formation is aided by the electron-releasing ability of the alkoxy- 
substituent (cf. the ready S,y1 solvolysis of a-halo-ethers; p. 109). It should be noted 
that the reactions involved in the formation of an acetal are all readily reversible 
and the position of the resulting equilibrium depends on the relative concentrations 
of the alcohol and water: whereas acetals are formed from aldehydes by treatment 


*This is because an electron-attracting group reduces the stability of the dipolar structure in the 
hybrid RR'C=O <— RR’C—O and thereby lowers the stabilization energy of the carbonyl group; 
consequently AH for hydration becomes more favourable. Conversely, an electron-releasing group 
strengthens the C=O bond, so that the equilibrium constant for hydration falls in the order formal- 
dehyde > other aldehydes > ketones (cf. bond energy values, p. 8). 

* See, however, the discussion of 4- and 5-hydroxy-aldehydes, which exist predominantly as hemiacetals 
in certain cases, p. 16. 
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with an alcohol in the presence of an anhydrous acid, they are readily hydrolyzed 
to the aldehyde by treatment with aqueous acid. 

Ketones do not react with monohydric alcohols to give ketals but do so with 
1,2-diols to give cyclic ketals, e.g. 


CH; 


HO ‘ CH. ? 
0 My He BO] + He 
CH HO 7 0 


This difference represents a further example of the importance of the entropy 
factor in determining the positions of equilibria: whereas the formation of a ketal 
from a ketone with two molecules of a monohydric alcohol involves the loss of 
three degrees of translational freedom, reaction of a ketone with a dihydric 
alcohol involves no change in the number of degrees of translational freedom. 

Both aldehydes and ketones give the thio-analogues of acetals and ketals when 
treated with thiols in the presence of acid: 


R + R_sr 


ao {H) 
Me +  2R'SH fo. sr + HO 


(ii) Other carbonyl groups. The carbonyl group in derivatives of acids (acid 
halides, anhydrides, esters, and amides) is also attacked by nucleophiles but 
reaction is completed by the departure of an electronegative group and not by the 
addition of a proton, e.g. 


R R 7 R - R 
Ho 48 Hoo = o O 
Pa 20% ie a 


These reactions are therefore classified as substitutions (cf. section 4.5). 


(iii) Nitriles. The carbon-nitrogen triple bond in nitriles is attacked by powerful 
nucleophiles such as hydroxide ion in water: 


R R 
R—=N + OH” —+ ei H20 NH laulomerizes Ry UNH, 
HO ae a 


0 


and by weaker nucleophiles such as water and alcohols in the presence of acid 


R—=N + Ht eal [ R-c=NH _ R-C=nu | 


R + 
1) -H R UNH, 
(a) + HO ? 4 ENH 2) tautomerizes “lle 


H,0 (e) 
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R R 
+ 
) + ROH — NH )=NH, 
RO. RO 
H the conjugate 
acid of an 
imino-ester 


(iv) Alkenes are not attacked by nucleophiles unless the carbon-carbon double 
bond is conjugated to a group of —M type (p. 32). The more powerful nucleophiles 
such as carbanions then add to the double bond as follows (Michael addition, 
section 7.5) 


— RAP RR 
Ray * CH(COLEN2 1e cm ces 
0 


fe) Oo" 
Et0,C° ~CO.Et EtO,C~ ~CO.Et 
ae R R 
fe) 
Et0,C~ “CO,Et 
ges Ph Ph 
oO KCN / AcOH / EI1OH cs ae 
fe) CN O 


The increased ease of addition compared with that of an unconjugated alkene 
arises from the stability given to the intermediate anion, and therefore to the pre- 
ceding transition state, by the delocalization of the charge onto the electronegative 
oxygen. Reaction is completed by the uptake of a proton from the solvent, which 
is usually an alcohol. 

Less powerful nucleophiles such as alcohols add to these systems only in the 
presence of an acid, e.g. 


(v) Alkynes react with powerful nucleophiles such as alkoxide ion in an alcoholic 
solvent: 


ae R | R 
R—==—H Ee y=cH = SOB J=CH, + RO” 
R'O RO 


Less powerful nucleophiles require catalysis, and mercury(1) ion is frequently 
used because of its tendency to complex with, and draw electrons from, the triple 
bond. For example, water reacts in the presence of mercury(i1) sulfate and dilute 
sulfuric acid, giving an enol which tautomerizes to a ketone (in the case of 
acetylene itself, to acetaldehyde): 
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Hg?* H 
ot R ,9 
geet SMES. pale: ee. | cn 
H,O 
a+ R RCH 
HO oO 


(c) Radical addition 


Alkenes react readily with free radicals. The synthetically useful reactions are 
chain reactions: they are usually initiated by a peroxide or azobisisobutyronitrile 
(AIBN) which, on heating or irradiation, yield reactive radicals (R-), e.g. 


initiator —_ R- 
R- + HBr — RH + Br 
Br 4  RCH=CH, —*  RCH-CH,Br 


propagation 
A'CH-CH,Br + =HBr == = R'CH,-CH,Br + Br 


Chains are terminated when two radicals meet, but since the concentration of 
radicals is usually very small, the probability of two of them colliding is much 
smaller than that of a radical colliding with a reactant molecule. Providing that 
the rate constants for the propagation steps are large enough, long chains are 
propagated. 


(i) Regioselectivity. Radicals add more rapidly to the less substituted carbon 
atom of an unsymmetrical alkene, regardless of the nature of the substituents. 
This is partly for steric reasons and partly because all substituents have some 
stabilizing influence on an adjacent radical centre; examples are delocalization, 


e.g. 
oO O- 
RAG eee RA R 
H H 
and hyperconjugation, e.g. 
H H- 
H H 


(ii) Stereoselectivity. At room temperature the reaction shows some stereo- 
selectivity; for example, (E)- and (Z)-2-bromo-2-butene each give 75% of 
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(+£)-2,3-dibromobutane and 25% of the meso-isomer. It is believed that this results 
from rapid rotation about the new C—C bond in the intermediate radical to give 
a predominance of the less congested radical, before reaction with hydrogen 
bromide takes place on the face opposite the new C—Br bond: 


Br 
CH, r Br e 
CH, 
Br CH, H CH, H 
H 
(E) More congested meso 
| 
Br Br 
CHg H Br CH3 
a : Sa. 
CHg CH, H CH3 H 
H 
(Z) less congested (+) 


However, at very low temperatures (e.g. -78°C) the reaction is stereospecific: 
the (E)-alkene gives only meso-product and the (Z)-alkene gives only (+)-product. 
It is thought that rotation in the intermediate radical is now relatively slow, 
possibly because there is a degree of bridging in the radical by bromine (cf. 
bromonium ions, p. 82). 


4.4 
Elimination reactions are classified under two general headings: (a) B-eliminations _ Elimination 
in which groups on adjacent atoms are eliminated with the formation of an 

unsaturated bond, 


eg = CH3CHCH3 ae CH3CH=CH, 
| -H’,- Br 
Br 
and (6) a-eliminations, in which two groups are eliminated from the same atom, 


eg. CHCl, oo CCl” ee. 366, 


In the latter case, unstable species are formed which undergo further reactions. 
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(a) B-Elimination 


The unsaturated bond formed by elimination may be any one of a number of 
types (C=C, C==C, C=O, C=N, etc.). We shall consider in detail only those 
eliminations leading to C=C unsaturation and, in particular, the case in which 
one of the two groups eliminated is hydrogen, e.g. 


CH, CH, 
CH, >~Br EAH CH, + HBr 

CH =P CH 
This group of reactions may be further subdivided into those which occur by a 


bimolecular mechanism (E2) and those which occur by a unimolecular mechanism 
(E1). 


(i) The bimolecular process. Here, elimination is facilitated by attack by a base 
on the hydrogen atom which is to be removed, e.g. 


Eto" 
4, 
-C _ C=C + EtOH + Br 


WS 
Br 


The other group eliminated must be one capable of departing as a neutral 
molecule or a relatively stable anion. In the transition state, the new double bond 
is partially formed and the groups being eliminated are partially removed: 


Eto” 


Bre- 


The extent to which these three bond changes have occurred at the transition 
state would be expected to depend on the structure of the organic compound and 
the strength of the base. In the generalized case, the transition state can be 
described as a hybrid of the structures (a)—(d) (B: = base), 


B BY Bt B 
N \ 
H H H a n 
eG. -we: ~c=> ae é-c = c-6 
x x" x x" 
(a) () (c) (d) 


amongst which (c) would be expected to be relatively more important when X~ is 
a poor leaving group and/or the negatively charged carbon is adjacent to an 
electron-attracting group, and (d) should be relatively more important when X7 is 
a very good leaving group and B: is a weak base. This is consistent with observation: 
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in particular, whereas the transition state appears to have alkene-like character 

(importance of b) when X~ is a good leaving group (e.g. Br”) and a reasonably 

strong base is used, it is better described by (c) when the leaving group is a poor 

one (e.g. N(CH3)3) (Hofmann elimination, p. 98). At the other extreme, a 

transition state of type (d) can lead to a carbocation intermediate (E1 elimination). 
The following are the principal features of the reaction. 


(1) The reaction rate increases with increasing strength of the base, e.g. 
CH3CO2 < HO < EtO” < Me,CO~ < NH, 


(2) The rate increases with increase in the capacity of the second eliminated 
group to depart with the covalent bonding-pair. Most leaving groups are present 
as neutral substituents which depart as anions and, amongst substituents in which 
the same element is bonded to carbon, leaving-group ability parallels the stability 
of the anion. For example, alcohols and ethers do not undergo E2 elimination 
because hydroxide and alkoxide ions are relatively high energy species, whereas a 
sulfonate undergoes elimination readily, 


a — BH + C=C + RSO,0° 


because of the stability of the sulfonate anion (the conjugate base of a strong 
acid). There is therefore a general tendency for the ease of departure of a group 
to be related to the stability of the group as an anion. However, when different 
elements are being compared, a second factor, the dissociation energy of the 
C—X bond which is broken on the departure of X, is also concerned. The ease 
of the E2 reaction on alkyl halidcs is —I > —Br > —Cl > —F, for, although 
the electronegativities of the groups lie in the opposite order, the bond strengths 
are in the order C—-I < C—Br < C—Cl < C—F and this factor is here 
dominant, so that iodide is the best leaving group of the series and fluoride is the 
worst. ; 

(3) Amongst alkyl groups, the order of reactivity is tertiary > secondary > 
primary, e.g. 


(CH3)3C—Br — (CH3)2C=CHy, _ faster than 
(CH3)CH~Br = CHgCH=CHy taster than 


B: 
CH,CH,—-Br ——= = CH,=CH 


The reason is that the thermodynamic stability of an alkene increases as the 
C==C double bond is bonded to an increasing number of alkyl groups (p. 34) 
and this stabilizing influence in the product of the eliminations is reflected in some 
degree in the preceding transition state in which the m-bond is partly formed. 

(4) Elimination occurs more readily when the new double bond comes into 
conjugation with existing unsaturated bonds because the stabilization energy 
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due to the conjugation in the products is partly developed at the transition 
state. For example, elimination of hydrogen bromide occurs mote readily from 
CH,==CH—CH,—CH,Br, to give CH,==CH—CH=CH), than from 2- 
bromobutane. An existing unsaturated group of —M type facilitates elimination 
more strongly when the proton to be eliminated is attached to the a-carbon atom 
than when it is attached to the B-carbon. For example, base-catalyzed elimination 
occurs faster from B-bromopropionaldehyde than from a-bromopropionaldehyde: 


H 
/ + aS = \ faster than 
Br =CHO CHO 
Br 
om 
H CHO CHO 


which contribute to the transition state structure (B = base), thereby lowering the 
activation energy. An activating effect of this type is responsible for the ready 
base-catalyzed elimination of water from $-hydroxy carbonyl, nitrile, or nitro 
compounds, whereas simple alcohols are inert to base-catalyzed elimination. In 
these cases, there is evidence for the occurrence of an enolate as an intermediate, 


e.g. 


re) on COH O°) a fe) 
ar, poe i ee ae kn 


This has synthetic consequences, for several base-catalyzed reactions lead to such 
B-hydroxy-substituted compounds from which the corresponding aB-unsaturated 
ones can therefore readily be obtained (see especially section 7.2).* 

(5) The reaction occurs fastest when the two eliminated groups are anti to 
each other and they and the connecting carbon atoms are coplanar. For example, 


* B-Hydroxyacids eliminate water on being heated to give af-unsaturated acids (e.g., CH,OH— 
CH,—CO,H — CH,==CH—CO,H + H,O), whereas a-hydroxyacids preferentially form lactides, 


e.g. 


HO 


Oo ) 
OH HO a) 
CH, aon 40. ch, a, 
OH 0 
fe) 0 


The y- and 5-hydroxy compounds form lactones (p. 66). 
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whereas the compound (1) readily eliminates toluene-p-sulfonic acid, its isomer 
(2), in which there is no B-hydrogen anti to the toluene-p-sulfonate group, is inert 
even to strong bases (see also p. 171). 


€.980,ToI 
one Lh (Crane £7080 
H H 
(1) (2) 


This steric requirement owes its origin to the tendency for maximization of 
bonding in the transition state. As the two leaving groups depart, the carbon 
orbitals involved in their bonding are changing from sp’ to p; with an antiperiplanar 
arrangement, these developing p orbitals have some ability to overlap laterally, 
that is, to provide some bonding energy: 


Base 


some n-bonding 


yy 
. 


xX 


The partial formation of the alkene structure at the transition state is reflected 
also in the formation of more of the less sterically congested trans-alkene when 
geometrical isomers are possible, e.g. 


7 Et H Et CH, 
EICH,CHCH, = Se — a ¢ 
| H CH, H oH 
Br 
3 parts 1 part 


(6) A compound which can eliminate in each of two ways to give different 
alkenes normally gives as the major product the more highly substituted one, e.g. 


CHyCH:CHCH, ceri CH,CH=CHCH, +  CH,CH,CH=CH, 
Br 4 parts 1 part 


This generalization is known as the Saytzeff rule and has the same underlying 
ptinciple as described in (3), namely, that the more substituted of the two alkenes 
is the more stable and this difference is reflected in the rate-determining transition 
states. 

Exceptions to the Saytzeff rule occur in two circumstances. First, when the 
proton to be removed for Saytzeff elimination is in the sterically more hindered 
environment, the use of a base whose basic centre is also sterically hindered can 
lead to the predominance of the less substituted alkene. The following data are 
illustrative. 
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(CHy)GCHACHs 
Br 
fits 
(CH,),C=CHCH, CH)=C 
CHACH, 
Base (%) (%) 
Eto” 70 30 
Me,CO™ 28 72 
Et,cCO™ 12 88 


Second, elimination from quaternary ammonium ions (Hofmann elimination) 
usually gives mainly the less substituted alkene (Hofmann rule), e.g. 


CHsCHCH,CH,  —%» CH)=CHCH,CH, + (CHg)N + H2O 


es 
N(CHg)s 


The difference between these eliminations and those which follow the Saytzeff 
rule is attributed to the relatively poor leaving-group property of an amine. As a 
result, the C—H bond is relatively more fully broken at the transition state, that 
is, the structures 


BH HB 
CH,—CHCH,CH, = and «= CH —-CH—CHCH, 
*N(CHs), *N(CHg)o 


are more important contributors to the corresponding transition states than in 
elimination from a halide, so that the transition states are more ‘carbanion-like’ 
and less ‘alkene-like’. Since an alkyl substituent destabilizes an adjacent negative 
charge, the first of the above structures is the more stable and this causes the less 
substituted alkene to be the major product. 

(7) The Sy2 reaction always competes with the E2 reaction. The proportion of 
elimination is determined by the natures of the base and the alkyl group; the 
underlying theory is discussed below (section 4.5). 

(8) Elimination does not occur to give ‘bridgehead’ alkenes in which the 
geometry of the ring-system precludes the close attainment to coplanarity required 
for p-orbital overlap in the alkene (Bredt’s rule). For example, 


ae, 


has never been obtained. 


MECHANISM 


(ii) The unimolecular process. Elimination can also occur without the par- 
ticipation of a base. The reaction occurs in two stages, the first step, unimolecular 
heterolysis, being rate-determining: 


H 
N | 
C—C acne ‘c~é sa C=C 
N fe -H 


X 
The characteristics of this process (E1) are as follows. 


(1) The order of reactivity of alkyl groups is tertiary > secondary > primary. 
This is because the rate-determining step is the formation of a carbocation and the 
stabilities of these ions (and the transition states preceding them) increase in the 
order primary < secondary < tertiary (p. 61). The rate of elimination from 
primary alkyl groups is usually negligible. 

(2) The effects on the rate of the nature of the leaving group are the same as 
in the E2 process. 

(3) The direction of elimination from the carbocation usually follows the 
Saytzeff rule (p. 97), e.g. 


Chg CH; 4H CH, H 


CH 

CH;--Cl  —+ #-CH»CH; 9 — Yaak + yank 
CH,CH, sa CHy CHg CH,CH, H 
4 parts 1 part 


However, when the product of Saytzeff elimination is the more sterically com- 
pressed, the less substituted alkene may be formed, e.g. 


: CHs (CHg)gCCH» 
(CH),CCH, Be RCH. 
CH3 CH3 
because the alternative product, 
CH, CH, 
CHg CH; 
H Ch 


possesses significant repulsive forces between the hydrogens on the t-butyl group 
and those on the methyl group cis to it. 

(4) The carbocation may not only eliminate but may also add a nucleophilic 
species to give a substitution product (Syl reaction). The El and Sy1 reactions 
are therefore competitive (section 4.5). Further, the carbocation may rearrange 
(section 4.7). 

(5) Alcohols undergo El elimination under the influence of a strong acid, 
water being the leaving group: 


H 7 + “| 
‘c-G = ‘oc a. Gag .<te. cee 
OH OH, 
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With tertiary alcohols, reaction occurs in aqueous sulfuric acid with a co-solvent 
such as tetrahydrofuran at about 50°C, making it a useful process, but primary 
and secondary alcohols require treatment with 95% sulfuric acid at about 150 
and 100°C, respectively, and these conditions are too severe for many organic 


compounds. 
(6) Lewis acids, such as silver ion, increase the reactivity of halides in El 


reactions, e.g. 


R-Cl + Agi —= Rt + AgCl 


(iii) Elimination to give C=C bonds. Base-catalyzed elimination from alkenyl 
derivatives, 


B: 
OR 
ya — BH + R-==R + X 
AR x? 


is similar in principle to the E2 reaction for the formation of alkenes. Strong bases 
are necessary, and amide ion is commonly used. 
The product of elimination is usually a terminal alkyne, e.g. 


R : 
1) NHS /NHg 
we be ae RCH,—S=—H 


This is because the first product formed undergoes a series of prototropic shifts, 
catalyzed by the strong base: 


R : 
F NH : - 
)ecHcH, 8 R-se—cH, SE. [p—s=—GH, =~ Ac=c=cH,| 
6r 
NH” : - NH, 
Me acH=c=cH, = [RCH=C=GH == RGH—s==—H | Se 
NHz : 


The thermodynamic driving force is the stability of the acetylenic anion which, 
on the addition of water, gives the terminal alkyne. 


(iv) Elimination to give C=O bonds. Base-catalyzed elimination can give car- 
bonyl compounds, as in the case of nitrate esters: 


Bry 


H 
R*0 — BH + y=O + NOs 
R' “NO, R' 
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(v) Elimination to give C=N bonds. Derivatives of aldoximes undergo base- 
catalyzed elimination to give nitriles: 


Bry 
FEN —- BHT + R-ZEN + = ArSO20 
R  GOSO,Ar 


As in the E2 reaction, the rate depends on the capacity of the leaving group 
to depart with the bonding-pair (toluene-p-sulfonates are therefore suitable 
derivatives for elimination) and an anti geometry is required. 


(b) a-Elimination 


The haloforms undergo base-catalyzed a-elimination with the formation of car- 
benes. The reaction normally occurs in two stages, the second of which is rate- 
determining, e.g. 
CHCl + OH == CCh + HO 
CCly —- Cl + «6 


The carbanion intermediates owe their stability in part to the ability of all the 
halogens except fluorine to accommodate the negative charge in d orbitals, e.g. 


Cl Cl 
\=cl <—_e \=Cl — etc 
ci 


The resulting order of reactivity in the first step is CHI, > CHBr; > CHCh >> 
CHF;. 

The stability of the carbenes is determined by the ability of the halogens to 
supply p-electrons to the electron-deficient carbon, e.g. 


Cl 


FONE se FOS E Owe OER 


Since the +M effects of the halogens lie in the order F > Cl > Br > I, the ease of 
the second step in carbene formation is greatest when the haloform contains 
fluorine atoms. Indeed, the three mixed haloforms, CHF,C!, CHF,Br, and 
CHF,I, undergo concerted elimination to carbenes, 


F 
eee 

HO” SHSC-Br = = HO + CFp + OB 
F 


Dihalocarbenes are reactive species which cannot be isolated. In the normal 
conditions for their formation (using hydroxide ion in a hydroxylic medium) they 
are hydrolyzed to acids, 


HO” + Ch —= HO-Cc 22 Ho-cHcr, sess 
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4.5 
Substitution 


HCOH 60 -SH. HOS 


The addition to the reaction medium of a more strongly nucleophilic species than 
hydroxide ion (e.g. RS”) diverts the carbene from hydrolysis. The addition of an 
alkene leads to cyclopropane derivatives whose formation occurs in a stereo- 
specific manner (p. 164), e.g. 


CH CH 
Ct, fs CCl H- H 
ou ci’ ol 
CH, 4H CH3 OH 
y= iCCle | a ak, 
sn cr’ oI 


Carbenes also react with phenoxide ions (Reimer—Tiemann reaction, p. 374) 
and with primary amines (carbylamine reaction, p. 304). 

Methylene itself, :CH2, is of higher energy content than the dihalocarbenes and 
is correspondingly more difficult to obtain, more reactive, and less selective. It 
may be prepared by ultraviolet irradiation of diazomethane: 


CHN2 sine *CH 2 + N2 


Its reactivity is illustrated by its reactions with cyclohexene, which include both 
addition to the double bond and insertion in the saturated and unsaturated C—H 
bonds, 


CH, 

CH CH 

oO*= C-a"a-a* 
40% 25% 25% 10% 


One group attached to carbon may be replaced by another group in one of three 
ways: (a) by synchronous substitution, (6) by elimination followed by addition, 
and (c) by addition followed by elimination. The last applies only to unsaturated 
carbon. 


(a) Synchronous substitution 


The reagent may be a nucleophile (Sy2 reaction) or an electrophile (S_2 reaction). 
Atoms and radicals do not substitute directly at carbon. 


(i) The Sy2 reaction. The reaction may be represented in general by 
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Nuv cK He + x 


where Nu” is a nucleophile and X™ is a leaving group.* The following are the 
principal characteristics of the process. 


(1) The relative reactivities of different leaving groups are the same as in the 
E2 reaction (p. 95), e.g. | > Br > Cl >> F. As in that process, hydroxy, alkoxy, 
and amino groups are not displaced as the corresponding anions, since these are 
of too high an energy content, so that alcohols, ethers, and amines are inert to 
nucleophiles (but see electrophilic catalysis, p. 106). Sulfates and sulfonates are 
particularly reactive since the leaving group is, in each case, the anion of a strong 
acid. This makes dimethyl sulfate a useful methylating agent for alcohols in basic 
solution: 


ROH + OH == RO + HO 
RO + CH3—OSO,0CH, —-  RO-CH, + “OSO,0CH; 


(2) The carbon atom at which substitution occurs undergoes inversion of its 
configuration (Walden inversion, p. 160) because the nucleophile approaches 
along a line diametrically opposite the bond to the leaving group, e.g. 


R A 
AS En Sad —_ . + B r 
HO ey FB HOKg 
R R 


This corresponds to a transition state in which the carbon undergoing substitution 
is sp?-hybridized and possesses a p orbital perpendicular to the plane of the bonds 
which overlaps in part with an orbital of the leaving group and in part with that of 


the incoming nucleophile: 
R 
HOD er 
Hb 


* Nucleophiles may be negatively charged, as shown above (e.g. OH’), or neutral. In the latter case a 
salt is formed which is either the final product, 


Num™c4t > —ONUC ex 


or, if the nucleophilic atom is attached to hydrogen, an intermediate, 


a : +H 
HNu: 0X poe HNu-C X —~— Nu-C + HX 


Examples of reactions of neutral nucleophiles are: 
+ ~- 
(CHa)3N + «= CH3—Br = = ~— (CHa)3N-CHg Br 


+ 
(CH3)2NH + CH,—-Br ——> (CHa}gN-CH, Bro = = (CHa)3N. +H 
H 
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(3) The nucleophiles may be any of those listed on p. 81. Typical examples 
of reactions on alkyl halides, RX, are: 


Nucleophile — Product 


OH™ Alcohols, R—-OH 

R'O- Ethers, R—OR’ 

R'S~ Thioethers (sulfides), R—SR’ 

R'CO,~ Esters, R—OCOR' 

R'C=C Alkynes, R—C==CR’ 

CN™ Nitriles, R—CN 

NH, Amines, R--NH, 

R’,N Quaternary ammonium salts, R’3RN*X~ 


A nucleophile is also a base, so that elimination (E2) competes with substitu- 
tion. Just as in the E2 reaction the rate of elimination increases with the strength 
of the base, so in the Sy2 reaction the rate increases with the power of the nu- 
cleophile. Since a species is both base and nucleophile by virtue of its possessing 
the same characteristic - an unshared electron-pair — it might be expected that 
nucleophilic power would parallel basic strength. This is true, however, only in 
two general circumstances: first, when a common nucleophilic atom is involved 
(e.g. anions such as HO™ and RO™ are both stronger bases and more powerful 
nucleophiles than their conjugate acids, HJO and ROH); and second, when 
elements in the same period are involved (e.g. ammonia is both a stronger base 
and a more powerful nucleophile than water). It is not necessarily true in other 
circumstances, particularly when elements in the same group are compared: for 
example, a thiol anion, RS~, although less basic than its oxygen analogue, RO™, 
is more strongly nucleophilic so that the Sy2/E2 ratio is higher for reactions with 
thiol anions than for those with alkoxide anions. 

The main reason for this reversal of basicity and nucleophilicity can be under- 
stood by reference to the factors which determine the relative strengths of acids in 
a given medium, namely, the dissociation energy of the bond which breaks 
on ionization, and the electron affinity of the group from which the proton 
is lost. For thiols and alcohols, these factors are in opposition. S—H_ bonds 
(340kJ mol~') are weaker than O—H bonds (462kJ mol~'), but RS- is less 
electronegative than RO-. However, the very large difference in bond energies 
dominates the situation, with the result that thiols are stronger acids than the 
analogous alcohols (i.e. thiol anions are weaker bases than alkoxide anions). 
Nucleophilicity is also determined, in part,* by the strength of the bond formed 
by the nucleophile, in this case with a carbon atom, and by the ease with which 
the nucleophile can release an electron to form a bonding-pair. For thiols and 
alcohols, these factors are again in opposition, but the bond-strength factor 
(C—S, 272; C—O, 357kJ mol~') is in this instance of less importance than the 


*It must be remembered that nucleophilicity refers to a kinetic phenomenon (the rate at which a 
species reacts at carbon) whereas basicity refers to an equilibrium. In particular, the processes 
discussed here have not occurred completely at the transition state for the substitution but are 
completed in the equilibrium. 
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electronegativity factor, with the result that RS~ is more strongly nucleophilic 
than RO™. 

At least one other factor is of importance in determining nucleophilicity. A 
species whose nucleophilic centre is attached to an atom possessing an unshared 
pair of electrons (e.g. NH2-—NHp) is more strongly nucleophilic than predicted 
by consideration of its basicity. The reason is not clear. 

(4) The order of reactivity of alkyl groups is methyl > primary > secondary > 
tertiary, at least in part because of the increased steric hindrance to the approach 
of the reagent as the carbon atom is more heavily substituted. As an example, the 
relative reactivities of the following alkyl bromides towards iodide ion in acetone 
are: 


CH3-Br CH,CH,—-Br (CH3)2>CH-Br (CH3)3C—-Br 
145 1 8x 10% 5x 104 


The order of reactivities in the E2 reaction is the opposite of this (p. 95), so that 
it follows that the S,2/E2 ratio is greatest for a primary halide and least for a 
tertiary halide. The following results for the reactions of alkyl bromides with 
ethoxide ion in ethanol at 55°C are typical:* 


CH;CH,—Br —=  CHj;CH,—OEt + CH=CH, 


90% 10% 
CH, CH, CH, 
H—Br —>  H-}-OEt + )=CH, 
CHg CHg H 
21% 79% 
CH, CH, 
CH,——Br CH, 
CHg CH, 
100% 


It should be noted that tertiary halides rarely give significant yields in Sy2 
reactions, e.g. t-butyl cyanide cannot be obtained from t-butyl chloride and 
cyanide ion; the product is (CH3)2C==CHp. 

(5) Steric hindrance is also pronounced when the B-carbon atom is increasingly 
substituted by alkyl groups. For the reaction with iodide ion in acetone, relative 
reactivities of alkyl bromides are: 


CH, -CH2—Br CH3CH2—-CH,—Br (CH3)2CH~CH2—Br (CH3)3C-CH2—-Br 


1 08 4x10? 10° 


*The S,2/E2 ratio decreases with increase in temperature because the E2 reaction has the smaller 
(less negative) activation entropy. 
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Inspection of models shows that, for neopentyl bromide, approach of the 
nucleophile along the line of the C-——Br bond is inevitably impeded by a methyl 
group, whatever geometry is established by rotation about the single bonds. 


CHg CH, 
CH, 
HQ io = y—Br 
Mi 


(6) Suitable solvents include both hydroxylic compounds such as methanol 
and ethanol and polar aprotic solvents, particularly DMSO, DMF, HMPA, and 
acetone. With anionic nucleophiles, reaction rates are much greater in the aprotic 
solvents owing to the lack of stabilization of the nucleophile by hydrogen bonding 


(p. 64), e.g. 
CH3(CH2)oCH2Br + Ng — CH3(CH2)oCHaNg + Br 


solvent EtOH DMSO DMF HMPA 


k retative 1 13x10? 3x10?) 2x 10° 


This stabilization becomes less important as the size of the nucleophile increases, 
so that the ratio of rate constants for reactions in aprotic and hydroxylic solvents 
is less for, say, MeS~ than MeO~. A further manifestation of this trend is that, 
amongst halide ions, the order of nucleophilicities is C1” > Br~ > I” in an aprotic 
solvent, but I” > Br~ > Cl” in a hydroxylic medium. In spite of the greater rates 
of reaction in aprotic solvents, Sy2 reactions are mostly conducted in hydroxylic 
solvents unless the rate is impracticably small or an alternative reaction occurs, 
partly because they are cheaper and partly because they dissolve a wide range 
of both organic compounds and inorganic salts. With neutral reactants, where 
passage to the transition state involves the generation of opposite charges, e.g. 


n 5+ 8- 
(CH3)3N?-——*CH3—1 ——* | (CHg)gN----- CHg------1 — >  (CHa)4N* 
transition state 


rates are greater in solvents such as alcohols which can solvate both positive and 
negative species than in aprotic solvents which can only solvate the former. 

(7) Reaction rates are increased by electrophilic catalysis. For alkyl halides, 
silver ion and mercury (i) ion are suitable, since-they form strong bonds with 
halide ions. For alcohols, strong acids are effective, for example, primary alcohols 
form bromides with hot concentrated hydrobromic acid, 

Ht Br~ 


+ 
RCH2OH >= RCH,—OH, fo” RCH2—Br 


Ethers are cleaved by hydrogen iodide, e.g. 
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He a 
CH;-OR += CH3—-O 
R 
H 
-—, +/ 
1 ao —-  CHj—-! + ROH 


However, strong acids are too disruptive for sensitive organic compounds, and the 
Lewis acid boron tribromide, which also provides the nucleophile (Br~), is more 
suitable: 


R R 
Na - -Br \+ 
ROCH, + BB, —> 0-8 Bre ae 0-BBr, 
CH, CH, 
R, 
cO-BBrp —_ CH3Br + ROBBr2 
Br” “CH, 


ROBBr, + 3H,O -—»= ROH + B(OH), + 2HBr 


(8) When both a weak nucleophile and a poor leaving group are involved, 
reaction rates can be increased by the addition of iodide ion as a nucleophilic 
catalyst. For example, the displacement 


R 
C Nim ou Onc OF N-coyr + Ac” 


is effectively catalyzed because iodide ion is both a stronger nucleophile than 
pyridine and a better leaving group than acetate: 


R R = 
-—NoH, 2 AO Ache Ered —N 1 
I CH)—OAc I- CH.) RCH—-N + 


(9) Another technique for aiding nucleophilic reactivity is to add a crown 
ether such as 18-crown-6, 


which specifically solvates cations such as Na* and K*. For example, KF is 
insoluble in benzene and unreactive to organic halides. However, it dissolves in 
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benzene in the presence of 18-crown-6 and the fluoride ion, being itself essentially 
unsolvated, acts as a good nucleophile, e.g. 


RCH,—Br + KF eee RCH,>—F + KBr 

(10) Allylic and benzylic compounds and a-carbonyl-substituted compounds 
such as BrCH,COCH; and BrCH,CO,Et react far more rapidly than the cor- 
responding alkyl compounds. It is believed that this is because the transition state 
is stabilized by interaction of the p orbital on the carbon undergoing substitution 
with the adjacent n-system. a-Alkoxy compounds are also very reactive, e.g. 
CH3;0CH,CI reacts about 5000 times faster than CH3Cl with iodide ion in 
acetone. In this case, the stabilizing effect in the transition state is thought to be 
interaction of the p orbital on the carbon undergoing substitution with a (filled) 
oxygen 2p orbital. 


(ii) The Sy2' reaction. Allylic compounds can undergo substitution with a 
double-bond shift (Sy2’ reaction) in addition to the S,2 reaction. The S,2’ 
reaction usually occurs only when the Sy2 process is sterically hindered, e.g. 


cl 
5) -H* 
EtgNNH CHK oy, le EyNHT NACH, Se ELNT SCH, 


(iii) The S_2 reaction. Carbon undergoes bimolecular electrophilic substitution 
(SE2 reaction) when it is attached to strongly electropositive atoms, i.e. metals. A 
typical reaction is that of an organomercury compound with bromine, 


R 


R 
Heer $e, y-Br +) HgBrp 
R' Rr 


R" R" 


The reaction occurs with retention of configuration at carbon, as shown above, in 
contrast to the inversion which is characteristic of the Sy2 reaction. 


(iv) The Syi reaction. Alcohols which possess an aromatic substituent react 
with thionyl! chloride to give the corresponding chlorides with retention of the 
configuration of the hydroxyl-bearing carbon atom, e.g. 


Ph Ph 
0H + SO, —— jo + $0, + HOI 
H H 
CH, CH, 


This is described as an Syi reaction (substitution, nucleophilic, internal). Reaction 
occurs through the chlorosulfite which collapses, with the elimination of sulfur 
dioxide, to give an ion-pair and thence the chloride: 
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Ph C a Ph 
Ch, 
OH Cee LNs" SS. ction — y-ol 
H “HEI H \ A H 
CH, CH, ie) HCH, CH, 


The role of the aromatic substituent is probably to stabilize the cationic part of 
the ion-pair by delocalizing the positive charge. 

In the presence of pyridine, however, inversion of configuration occurs, prob- 
ably because the pyridine removes a proton from the hydrogen chloride generated 
in the first step and the resulting chloride then reacts with the chlorosulfite in 
the Sy2 manner: 


(b) Elimination followed by addition 


When a carbon atom is attached to a group which has a strong capacity for 
departure with the bonding electron-pair, a unimolecular solvolysis (Sy1 reaction) 
can Occur, e.g. 


(CHy);C-Cl —~  (CH)ct + CI” 


(CHy)0* + HO —» — (CH)C-OH, —te — (CHg)gC-OH 


The Syl process is related to the S\2 reaction in the same way as E1 elimination 
is related to E2 elimination. The following are the characteristics of the reaction. 


(t) Reaction is facilitated by substituents which stabilize the carbocation, i.e. 
groups of +/ and/or +M type. Among alkyl halides the order of reactivity is 
tertiary > secondary > primary, which is the opposite of that in the S,2 reaction. 
Ether groups typify those of +M type, e.g. methyl chloromethyl ether is rapidly 
hydrolyzed in water, reaction occurring through a delocalized carbocation- 
oxonium ion (note that the first product, a hemiacetal, is further hydrolyzed, p. 
86) 

CH,O-Ch,-cl = 2 CH,O-CH, == CH,O=CH, HO 


+ 


5 -H 
CHgO-CH,-OH, 2 = CH,O—CH,—OH ~——= CH,=O + CHjOH 


(2) The relative reactivities of leaving groups are as in the El reaction. The 
range of reactivities is enormous: for example, relative rates for the solvolysis of 
PhCHCH;—-X in 80% aqueous ethanol at 75°C are approximately: 


Leaving group CF3;S0,0~ Tosylate’ [I Br Cl” AcO™ 
10'4 10° 10° 10’ 10° 1 


relative 
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(3) The carbon atom at which substitution occurs does not maintain its 
configuration. This is a result of the fact that a carbocation forms three coplanar 
bonds and can be attacked from either side, so that an optically active compound 
gives a mixture of products: 


R 
HO—{, 
in 
R R" 
R 
x 4. #8 
RG a he H 
os wR R 
OH 


4 
ene 


Attack would appear to be equally probable from both sides of the ion, but the 
two products are not normally formed in equal amounts: the major product has 
the opposite configuration to that of the reactant (i.e. inversion predominates 
over retention). It is believed that when the carbocation and X~ are formed, they 
exist as an ion-pair for a short time during which X~ shields the side of the carbon 
atom to which it was attached so that the incoming nucleophile more easily 
approaches from the other side. The less stable the carbocation, the more likely it 
is to be attacked before X~ separates from it. For example, inversion of con- 
figuration is much more extensive in the solvolysis of CgsH;;—CHCH3;—Cl 
compared with Ph-—-CHCH;—Cl, in which the positive charge on the car- 
bocation is delocalized on to the aromatic ring. 

(4) El elimination competes with Sy1 solvolysis, e.g. 


CH, CH, Ch; 
CH;—)—Cl pia: oA A ac + oe 
CH CH. CH 
83% 17% 


Elimination relative to substitution is favoured by more highly alkylated com- 
pounds since the alkene product then has more alkyl substituents (p. 34). The 
E1/Sn1 ratio is, however, independent of the nature of the leaving group because 
competition between the two processes occurs only after the carbocation has been 
formed. 

(5) Allylic systems give mixtures of products, e.g. 


CHa 


OH 


420, H: OH 
CHa. A_Cl a” c INIA + 


This is a result of the fact that the intermediate carbocation is delocalized and can 
react with the nucleophile (water) at each of two carbon atoms: 


CH3. AL — CHa Ay 
? 
H20 H20 
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(6) The reaction rate can be increased by the presence of electron-rich 
substituents which are stereochemically suited to interact with the carbon atom 
undergoing substitution. For example, the f-chlorosulfide, C,H;SCH,CH,Cl, 
is hydrolyzed in aqueous dioxan 10000-times faster than its ether analogue, 
C,Hs0CH,CH,CI. This has been ascribed to neighbouring-group participation by 
the sulfur atom: 


Cals 
CoH—S: . CoHs—S 
aie 2 ee 
Chas Ch _—_— Chere — a ae) 
Get OH, OH 


Instead of there being a relatively slow one-step reaction, two relatively rapid 
reactions occur. In the first, sulfur acts as an internal nucleophile. This step is 
favoured as compared with the intermolecular reaction with water because of the 
much more favourable entropy of activation for the intramolecular process (p. 
65) and it is favoured as compared with the corresponding reaction of the oxygen 
analogue because sulfur is a more powerful nucleophile than oxygen (p. 104). In 
the second step, the three-membered ring is opened by attack by water. Other 
atoms and groups which enhance S72 rates in this way include nitrogen in amines, 
oxygen in carboxylate and alkoxide ions, and aromatic rings (p. 122). Participation 
is only effective when the interaction involves three-, five-, and six-membered 
rings (cf. p. 67). Participation by the oxygen in carboxylates and alkoxides and by 
nitrogen in primary or secondary amines can lead to cyclic compounds if these are 
stable in the reaction conditions. For example, 2-chloroethanol with alkali gives 
ethylene oxide, 


.) Cf or 
CH>-CH, b= CH,-CH, CH)—CH> 
Lo? YS 
HO fo) 


and pentamethylenediamine hydrochloride gives piperidine on being heated, 


-NH. 
Cl. = O - OO: « 
N 


NH.SNH CI N 
7N H 
H H 
Neighbouring-group participation can also lead to rearrangement (chapter 14). 


(7) Bridgehead halides are essentially inert under Sy1 conditions, for example, 
the relative rates of solvolysis at 25°C in ethanol are: 


(CH)3C—Br ¢ pe & eT 


k 1 i0°& 10°'9 
relative 
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The reason is that the intermediate carbocation cannot attain the coplanarity 
needed for optimum formation of its three sp? bonds and the transition state is 
correspondingly distorted from its optimum configuration. 

(8) Alkenyl, alkynyl, and ary! halides are inert. However, aromatic diazonium 
ions, where the leaving group is the very strongly bonded nitrogen molecule, are 
reactive (p. 411): 


+ 
Ar-N=N —~ Ar + N= 


(i) Summary of factors controlling substitution and elimination by unimolecular 
and bimolecular mechanisms. Unimolecular reactions are favoured by: 


® Very good leaving groups (e.g. sulfonates such as p-CH;—C,H,—SO,0 or, 
better, CF;—-SO,0) 

© Acid catalysis to aid the departure of the leaving group (e.g. silver ion for 
alkyl halides and protons for alcohols) 

e@ Attachment of carbocation-stabilizing groups (usually alkyl, aryl, or alkoxyl) 
to the carbon atom undergoing reaction; tertiary > secondary > primary 

@ Polar solvent, and one capable of solvating both the developing carbocation 
and the anionic leaving group 

@ Presence of only weak bases and nucleophiles (e.g. solely an alcoholic 
solvent). 


Bimolecular reactions are favoured by: 


@ Lack of carbocation-stabilizing substituents 
@ Presence of a strong base and/or a good nucleophile 
e@ Aprotic solvents for anionic nucleophiles 


Both E1:Sy1 and E2:Sy2 ratios increase with increased substitution by alkyl 
groups or conjugating substituents in the incipient alkene. 


The E2:S,,2 ratio is also increased by: 


@ Use of a strong base and also by a bulky one (e.g. (CH3)3C—-O ) which can 
abstract a proton from the periphery of the molecule but is hindered as a 


nucleophile 
@ Increased alkylation at the site of reaction, causing increased hindrance to 
substitution. 


The Sy2:E2 ratio is increased by: 


@ Use of a nucleophile which is a relatively weak base (e.g. RS”, I7) 
@ Use of an aprotic solvent 
@ Reduced substitution at carbon. 
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(ii) Summary of differences between primary, secondary, and tertiary alkyl 
halides. 


Primary halides: 


@ Do not normally undergo unimolecular reactions 
@ Undergo S,2 in preference to E2 reactions even with quite strong bases such 
as EtO™; but with strong bases which are also hindered, the E2 reaction 
predominates, e.g. 
ie CH2(CH,),CH,OEt + CH,CH,CH=CH, 


90% 10% 


CH3(CHs)2CH2Br 


(CH3)sCO" CHa(CHy)gCHOC(CH3)3. + += CHyCH»CH=CH, 
15% 85% 
Secondary halides: 
@ Undergo Sy1 and E1 reactions in polar solvents in the absence of strong bases 
or good nucleophiles 
@ Undergo the E2 reaction in the presence of strong bases (e.g. EtO™) 
@ Undergo the S,2 reaction with good nucleophiles (e.g. RS”, I7) in polar 
aprotic solvents. 


Tertiary halides: 
@ Undergo Sy1 and E1 reactions in polar, solvating solvents, e.g. 
(CHy)3c-Br = OH = (CHy)gC-OEt = + = (CH) C= CH, 


sai 20% 


@ Undergo E2 reactions in the presence of strong bases, e.g. 


(CHy)gC-Br SOS (CH;),C=CH, + EIOH + Br 


@ Do not undergo Sy2 reactions. 


(c) Addition followed by elimination 


Unsaturated carbon in suitable environments undergoes substitution via a two- 
step process consisting of addition followed by elimination. The more import- 
ant classes of reaction are nucleophilic substitution at carbonyl groups and 
nucleophilic, electrophilic, and free-radical substitution at aromatic carbon. 


(i) Nucleophilic substitution at carbonyl groups. Derivatives of carboxylic acids 
in which the carbonyl group is adjacent to an electronegative substituent are 
susceptible to substitution via the addition—elimination mechanism, e.g. 
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R R R < 
- slow * fast OH - 
- Oo + OH se HO-)— ce) cee = O =— RCOs 
Cl Cl HO 


It should be noted that the carbonyl group in these environments differs from 
that in aldehydes and ketones only by virtue of the fact that the anionic inter- 
mediate derived by addition can eliminate a group as an anion (CI, in the above 
example) whereas the corresponding anionic adducts derived from aldehydes and 
ketones cannot (H™ and R™ being of too high an energy content); the latter group 
of intermediates react instead with a proton (p. 88). Further, the reaction of an 
acid halide with a nucleophile differs from the Sy2 reaction of an alkyl halide only 
in that the former gives an intermediate whereas the latter cannot. The factors 
governing the ease of reaction (nature of the group R, the leaving group, and the 
nucleophile) are essentially the same in the two types of reaction, although acyl 
derivatives are in general more reactive than the corresponding alkyl derivatives. 
The following points are notable. 


(1) Amongst the commoner acyl derivatives, the order of reactivity is acid 
halide > anhydride > ester > amide. Acid halides react rapidly with the weak 
nucleophile water, anhydrides react slowly, and esters and amides are essentially 
inert (but see below). The order is the result of two electronic factors which 
operate in the same sense: first, the —J effects of the halogens, oxygen, and 
nitrogen decrease in that order, so that the charge on the intermediate 


R 
Nu-)-O" 
X 


is best accommodated when X = halogen and least well when X = NH); and 
second, the +M effects of these elements, which stabilize the reactant, 


RX A__X 


ee, ae 
fe) 


fall in the order N > O > halogen (p. 33), so that the greatest amount of 
stabilization energy is lost in passage to the transition state when X is nitrogen 
and the least when X is halogen. 

(2) Since passage to the transition state involves the uptake of negative charge, * 
the rates of reaction are increased by the presence of electron-attracting sub- 
stituents and decreased by electron-releasing substituents. For example, ethyl m- 


* This is the B,.2 mechanism of ester hydrolysis: B signifies that it is in basic conditions, ac that the 
ester bond broken is that between the acyl group and oxygen, and 2 that it is bimolecular. Hydrolysis 
can also be catalyzed by acids, the alkyl-oxygen bond (aL) can be cleaved (i.e. in S,1- and S,,2-type 
reactions), and cleavage can occur without participation of the nucleophile (hydroxide ion or water), 
so that there are in principle eight mechanisms for hydrolysis. All but two (Bacl and A,,2) are 
known, and the commonest are Bac2 and A,c2. Examples of Aac2, Aacl, Aazl, and Bya,2 
reactions are given later. 
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R R R 
8- b- = 
=O ate HO-----}=0| <= HO->-O 
EtO Eto EtO 
transition state 


nitrobenzoate is hydrolyzed by hydroxide ion more than ten times as rapidly 
as ethyl benzoate (see also p. 63). The polar effect of one ester group on the 
other in diethyl oxalate (EtO,;,C-—-CO7Et) is great enough to cause this ester to be 
hydrolyzed even by water, towards which ethyl acetate is inert. 
(3) When the leaving group forms a stable anion, equilibrium lies well to the 
right, e.g. 
RCOCl + HO =~ ACOH + HP + CIT 


When it does not, an unfavourable equilibrium in the substitution may be 
followed by a second and strongly favourable one so that there is effectively 
complete conversion into products, e.g. 


RCOzZEt + OH == RCO2H + EtO™ = RCO, + EtOH 


Neither of these conditions applies to transesterification, 
RCO.R + RO == RCOR + RO 


but the amount of RCO,R” can be increased by carrying out the reaction in a 
considerable excess of the corresponding alcohol R”OH so that R’O™ is largely 
removed. 

(4) The reactions are subject to electrophilic catalysis. For example, although 
carboxylic acids are unreactive to alcohols alone, they can usually be esterified in 
the presence of a small quantity of concentrated sulfuric acid or about 3% by 
weight (of the alcohol) of hydrogen chloride: 


R H* R R'OH moat A 
=O a “OH = O——on — R'O>—OH 


/ 
HO HO H OH H,0* 
R R 
H Ht 
0. * OH —— y=0 
R'O RO 


Since the equilibrium constant is about one, it is usual to carry out the reaction 
either in a large excess of the alcohol or by azeotropic distillation with toluene to 
remove the water as it is formed. Conversely, esters can be hydrolyzed by 
aqueous acid (A,c2). However, this procedure, leading to an equilibrium, is not 
so efficient as the base-catalyzed method of hydrolysis which goes essentially to 
completion and it is chosen only when the ester contains another functional group 
which is susceptible to an unwanted reaction with base. 

(5) Carboxylic acids have one property which places them in a separate class 
from their derivatives: nucleophiles which are of moderate basic power convert 
them into their conjugate bases, RCO,~, which are inert to all but the most 
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powerful nucleophiles. For example, whereas esters react with hydrazine to 
give acid hydrazides, acids form only salts. Reactions may be effected with 
nucleophiles such as alcohols by employing an acid catalyst as described above, 
but nucleophiles which are stronger bases, e.g. ammonia, do not react in acidic 
conditions because the nucleophile is itself more or less fully protonated and 
therefore deactivated. The carboxylate ion is attacked by the AIH,” ion (p. 658) 
and the exceptionally powerful nucleophilic organic moiety in organolithium 
compounds (p. 199): 


R 


R RLi a 2H* A \ 
=o SH R—-0 28 ROH tH, = ‘bso 
oO HO 


o- 


However, acids can be converted into strong acylating agents by reaction with a 
carbodiimide such as dicyclohexylcarbodiimide, e.g. 


% R'NH NR' 
RCO,H + R'N=C=NR' = RCO, 3+ RINH=C=NR'o — a 0 
, Pg 
ee ri 
R'NH_ NHR’ 
Ht One... KY 
— RKgo tte O){6 _.  RINH. NHR 5 no708 
h rod v 


The corresponding reaction with amines is of particular importance in the 
synthesis of polypeptides (p. 338). 

(6) Substitution at carbonyl groups is very markedly subject to steric hin- 
drance. For instance, tertiary acids such as (CH3);C—-CO2H, unlike primary and 
secondary acids, cannot be esterified by an alcohol in the presence of acid nor can 
their esters be hydrolyzed by treatment with hydroxide ion or aqueous acid. 


Several procedures are available in cases of steric hindrance. 
Hindered acids, like unhindered ones, can be converted into methyl esters with 
diazomethane (p. 437): 


RCO2H + CH2N2 =— RCO; + CH3No* 
RCO; CH, THEN —- RCOCH, + No 


Hindered aromatic acids can be esterified by dissolving them in concentrated 
sulfuric acid and pouring the solution into the alcohol, e.g. 


O=O0+ 


oa 
H fe) 
CO,H ‘co? 
3 


20 oF 
CH CH CH Hy 
Ota Ot a 
CH, CH, 


CH, 
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The driving force in the formation of the acylium ion lies partly in the delocal- 
ization of its charge on to the aromatic ring and partly in the relief of steric 
congestion. 
Hindered t-butyl esters, as well as unhindered ones, can be hydrolyzed by acid: 
H* Fe 
Pr cictials == YA ICHy), © > RCO + (CHolsC 
oO OH 


(CHy)g0* + HoO Ye (CH,)sC-OH 


The success of this A,a,1 reaction lies in the stability of a tertiary carbocation. It 
is a widely used process in polypeptide synthesis, where trifluoroacetic acid is 
usually employed as the catalyst (p. 333). 

Hindered esters of primary alcohols or methanol can be cleaved by treatment 
with a strong nucleophile such as a thiol anion in a polar aprotic solvent:* 


+) 
SoH "SR — RCOZ + CH3SR 
ie) 


Hindered aromatic esters can be hydrolyzed by the reverse of their method of 
formation: the solution of the ester in concentrated sulfuric acid is poured into 
water (A,qcl reaction). 

When it is the alcohol that is sterically congested, reactions with acid chlorides 
and anhydrides can be speeded by up to about 10000-times by the addition of 4- 
dimethylaminopyridine (DMAP) as a nucleophilic catalyst. This is both a strong 
nucleophile owing to the +M effect of the dimethylamino group, 


+ 
N(CHs)2 N(CH3)2 
_ 
(J -~- (1 
N N 


and a good leaving group: 


“The only established case of hydrolysis by Sy2 reaction of this sort (B,4;,2) is the reaction of f- 


propiolactone with water, 
H,0: *CH,~O + : 
| I —_——— H2,0-CH,CH2CO, 
Cc Hp es co 


which is facilitated by the relief of strain as the ring opens in passage to the transition state. 
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-DMAP 
0 0 


ZA (CHg)2 
“ DMAP nt R'OH nyeee 
This is a particularly useful method for esterifying tertiary alcohols. 


(ii) Nucleophilic substitution at aromatic carbon. Benzene and its halogen- 
derivatives, like ethylene and alkenyl halides, are inert to nucleophiles in normal 
laboratory conditions. More vigorous conditions lead to substitution, e.g. 


NaOH 
PhCct 350°C (pressure) PhOH 


However, the introduction of groups of —M type, ortho or para with respect 
to the leaving group, causes significant increases in rate. For example, p- 
nitrochlorobenzene is hydrolyzed on boiling with sodium hydroxide solution and 
2,4,6-trinitrochlorobenzene (picryl chloride) is hydrolyzed even more readily. 
The reason is that these reactions occur by addition of the nucleophile to the 
aromatic ring, giving an anionic intermediate from which elimination occurs: 


Cl OH Cl OH Cl OH’ 


b=|9-6-h|44 


The intermediate is of high energy content relative to the reactants, for the loss of 
aromatic stabilization energy is far greater than the delocalization energy of the 
anion, but the activation energy is reduced by the attachment of —M groups 
at ortho or para positions because the charge is then further delocalized over 
electronegative atoms, e.g. 


Ct OH 


+ 
--N.. 


oOo” *O 


Note that a meta substituent can act only through its inductive effect, so that m- 
nitrochlorobenzene is less reactive than its para isomer. 

An entirely different mechanism for nucleophilic aromatic substitution applies 
to reactions of the halobenzenes with amide ion in liquid ammonia. Here the 
power of amide ion as a base takes precedence over its nucleophilic property and 
elimination occurs to give an unstable benzyne. The benzyne then reacts with 
amide ion. 
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—C 
Zy 
any 
OS 
{ 
CS 
lz 
fe 
<> 
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benzyne 


These reactions are discussed in chapter 12. 


(iii) Electrophilic substitution at aromatic carbon. Aromatic compounds react 
with electrophiles by the addition—elimination mechanism illustrated by the 


nitration of benzene: 
HNO; + 2H2SO, === NOS + HOT + 2HSO, 


H_ NO, H NO, H NO, 
O#/0O-0-Cl* oO 


+ 


The activation energy is lowered by the presence of an electron-releasing 
substituent on the benzene ring, the effect being greater when the substituent is 
ortho or para to the entering reagent (cf. nucleophilic aromatic substitution, 
above). Hence substituents of +/ and/or +M type direct reagents to the ortho and 
para positions and activate these positions relative to those in benzene, e.g. 


CH, CH 
H 
NO, and are of lower energy content than as H 
NO, 


H NO, 


H NO» 


and all three are stabilized relative to 
+ 
Conversely, electron-attracting substituents, which destabilize the intermediate 
cation with respect to the reactant (more strongly when the reagent enters the 
ortho or para positions than the meta position), deactivate the molecule and cause 
substitution to occur predominantly at the meta position, e.g. 


itrati 
PhNO, ae m-dinitrobenzene (90%) + small proportions of the o- and 


p-isomers 
These reactions are discussed fully in chapter 11. 


(iv) Free-radical substitution at aromatic carbon. Like electrophiles and nu- 
cleophiles, free radicals and atoms react with aromatic compounds by the 
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4.6 
Condensation 


addition—elimination mechanism. An example is the formation of biphenyl by the 
thermal decomposition of dibenzoyl peroxide in benzene: 


oO: 
Ph. LO. J — 2 Ph 
Y O” ~Ph a 


ie) 


oO 
Ph¥ — Ph» + CQ, 
[@) 


H Ph H Ph H Ph Ph 
fn ‘ _— —> 3 _PhCO2" 
-PhCO2H 


Substituents in the ortho or para positions are able to increase the delocalization 
of the intermediate radical, e.g. 


Nt 
“0” “oO 

and consequently activate these positions to substitution. However, compared 
with the powerful stabilizing influences in ionic reactions, the effects in free- 
radical substitution are small. For example, benzene is about 10° times as reactive 
as nitrobenzene in nitration and about one-third as reactive in free-radical 


phenylation. 


The term condensation is applied to those reactions in which a small molecule 
such as water or an alcohol is eliminated between two reactants, as in the Claisen 
condensation (p. 226), e.g. 


2cH,co,e —8O cHcocH.co.et + EtOH 


It should be emphasized that a condensation is not a reaction of a special 
mechanistic type but consists of a combination of the reaction types so far 
described. A key step in the Claisen condensation, for example, is a nucleophilic 
substitution at the carbonyl group of an ester, 


O 9) 
5 — Eto” 
ee Soci ae Cees he ene * 


The term is sometimes used more widely, to embrace reactions in which C—C 
bonds are formed without elimination, e.g. 
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CH,CH, Chg 
H H 


2 CHgCH,CHO —— 


HO CHO 


However, it is more helpful to use the restrictive definition and to refer to 
this type of reaction as an addition (aldol addition) to distinguish it from the 
condensation which occurs at higher temperatures (p. 211), e.g. 
necro CMsCHa Ha 
2 CH3CH,CHO = = + HO 


4.7 
Rearrangement reactions fall into two categories: (a) those in which the migrating Rearrangement 
group is never fully detached from the system in which it migrates (intramolecular) 
and (b) those in which it becomes completely detached and is later re-attached 
(intermolecular). 


(a) Intramolecular rearrangements 


Some of the systems in which migration occurs have been described (p. 79). The 
principles involved will be discussed with reference to the rearrangements of 
carbocations, for these are of wide synthetic application (chapter 14). 

The simplest example is the solvolysis of neopentyl bromide. In a polar solvent 
and with a Lewis acid to promote it, Sy1 heterolysis occurs to give the neopentyl 
cation, a methyl group migrates to give the isomeric tertiary carbocation, and this 
undergoes part-elimination and part-addition: 


CHg H CH3 H CH, CH; 
CH, Ho CH;——X%+ ae. + H 
CHS Ger CH H CH H 
CH, CH, CH, CH; 


EtOH —_ + EtO H 
CH H CH: H 


The chief characteristics are the following. 


(1) The thermodynamic driving force for the migration is the increased 
stability of the tertiary compared with the primary carbocation. This step is rapid, 
for it competes successfully with the expected rapid attack of the solvent on the 
initially formed carbocation. 

(2) Other reactions leading to carbocations also result in rearrangement. 
For example, the addition of hydrogen iodide to t-butylethylene gives mainly a 
rearranged product: 
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CH, H i CH, H CH, CH, 
CH, + CH,-}-¢ — *)—CH 
cHf CH, cHf CH, cHf CH, 
I" CH, CH3 
—_ CH, H 


The possibility that rearrangement will occur must always be considered when 
Sn1 and E1 reactions and electrophilic addition to double bonds are involved. 

(3) In compounds in which two or three different groups are attached to the 
B-carbon, that group migrates which is best able to supply electrons to the 
carbocation, e.g. phenyl migrates in preference to methyl (see below). 

(4) Aryl groups on the B-carbon not only have a much stronger tendency 
than alkyl groups to migrate, but also speed reaction by participating in the 
rate-determining step (cf. p. 111). For example PhC(CH3).—CH.Cl undergoes 
solvolytic rearrangement thousands of times faster than neopentyl chloride 
because the rate-determining step in the former case involves the formation not of 
the high-energy primary carbocation PhC(CH3;),—CH,* but of the delocalized 
(‘bridged’) phenonium ion: 


ae H 
CH3 H =e 
cH Gel 


As expected for a reaction involving the formation of an ion in which positive 
charge is delocalized over an aromatic system, the rate of reaction is increased by 
the presence of electron-releasing groups in the aromatic ring and retarded by 
electron-withdrawing groups. 


(b) Intermolecular rearrangements 


These reactions are strictly not representative of a new mechanistic type because 
they are combinations of the processes described above. For example, the re- 
arrangement of N-chloroacetanilide to o- and p-chloroacetanilide, catalyzed by 
hydrochloric acid, consists of the formation of chlorine by a displacement process 
followed by the electrophilic substitution of acetanilide by chlorine: 


H Mn 
cl 
CH.CO. CI CH CO. |e Cl NHCOCH, 


Seb - Os 
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NHCOCH3 NHCOCH; 


Cl 
+ HCl 


Cl 


Prototropic (p. 14) and anionotropic (p. 15) shifts are also intermolecular 
rearrangements (see also the Sy1 solvolysis of ally! halides, p. 110). 


A pericyclic reaction is one involving a concerted bond reorganization in which 
the essential bonding changes occur within a cyclic array of the participating 
atomic centres. An example is the reaction between butadiene and propenal 
which occurs on heating: 


CHO 
g Wy OO” ia Cy 
SY 


It must be emphasized that it is not possible to determine the exact manner in 
which electron reorganization takes place: in this example the arrows could 
equally well have been directed in the opposite sense. The important feature is 
that neither ions nor radicals are formed as intermediates. 

Pericyclic reactions can be subdivided into (a) cycloadditions, (b) electro- 
cyclic reactions, (c) cheletropic reactions, (d) sigmatropic reactions, and (e) 
ene-reactions. 


(a) Cycloadditions 


The reaction above is an example of a cycloaddition. 


(b) Electrocyclic reactions 


These are intramolecular pericyclic reactions which involve either the formation 
of a ring, with the generation of one new o-bond and the consumption of one x- 
bond, or the converse. An example is the thermal interconversion of 1,3,5- 
hexatriene and 1,2-dihydrobenzene: 


5) ~S heat 
pS 2% 


4.8 
Pericyclic 
reactions 
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(c) Cheletropic reactions 


These are processes in which two o-bonds which terminate at a single atom are 
made or broken in a concerted reaction, for example: 


C + = a 
SS 


(d) Sigmatropic rearrangements 


In these, an atom or a group migrates within a -electron system without change 
in the number of o- or n-bonds. An example is the Claisen rearrangement, e.g. 


H H 
=) 
QZ \ 


This is the reaction of an allylic compound with an alkene: 


ZA CH, heat {) 
NCH, saan 


H H 


(e) The ene-reaction 


(f) Mechanisms of pericyclic reactions 


The mechanisms of pericyclic reactions, including in particular their stereo- 
chemical outcome, followed from the recognition that they have orbital-symmetry 
requirements. The theory has proved as successful in explaining why certain 
reactions which appear reasonable on paper do not occur as in accounting for the 
courses of those that do. It has been developed in several forms, of which the 
frontier orbital treatment is the one used here. It is applied below to explaining 
why two molecules of an alkene do not form a cyclobutane and why a conjugated 
diene reacts with an alkene to form a six-membered ring. In chapter 9 the theory 
is developed to encompass the other types of pericyclic reactions. 


(i) Frontier orbitals and orbital symmetry. Just as the outer shell of electrons of 
an atom is regarded as especially significant in determining the chemistry of that 
atom, so it is reasonable that, for a molecule, it is the highest occupied molecular 
orbital (HOMO) which is the key to determining reactivity. This is termed the 
frontier orbital. 
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Since the ground state of almost all molecules has a pair of electrons in the 
HOMO, bonding interaction between two molecules* cannot involve only the 
HOMO of each for this would lead to an orbital occupancy greater than two, in 
contravention of Pauli’s principle. The HOMO of one reactant needs therefore to 
interact with an unoccupied MO of the second. Now, since the bonding inter- 
action between two orbitals increases as the energies of the two become more 
nearly equal, it is expected that the HOMO of one reactant should interact 
efficiently with the lowest unoccupied molecular orbital (LUMO) of the second. 
As usual, the two orbitals must have the same phase. Consider ethylene. The 
HOMO is that which results from overlap of carbon 2p atomic orbitals of like 
phase (p. 21); the LUMO is constructed from these two orbitals with opposite 
phases: 


The HOMO and the LUMO differ in symmetry with respect to reflection in a 
plane which bisects the alkene perpendicularly to the plane of the molecule: 
the HOMO is symmetric with respect to this mirror plane and the LUMO is 
correspondingly antisymmetric. 
Consider now the hypothetical cycloaddition of two molecules of ethylene to 

give cyclobutane: 

CH,-CH, 

2 CH=CH, —> 

CH -CH, 
If the molecules were to approach each other with their molecular planes parallel, 
the LUMO of one molecule and the HOMO of the other would interact as 


follows: 


A concerted reaction cannot occur: it is described as symmetry-forbidden. Only 
one of the two new C—C bonds could be formed and the bonding energy 
associated with this, when offset against the loss of n-bonding of two ethylene 
molecules, serves to make this (two-step) process of such high activation energy 
that it is effectively impossible. 


*This discussion also applies when reaction occurs between two centres in the same molecule. 
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The approach of the molecules towards each other described above is such that 
one surface of the x-orbital of one molecule interacts with one surface of the 1- 
orbital of the other. The interaction is described as suprafacial with respect to 
each reactant. However, there is in principle an alternative geometry of approach, 
namely one in which the molecular planes are perpendicular, so that one surface 
of the n-orbital of one molecule interacts with both surfaces of the n-orbital of the 
other: 


H H 
CD \ bonding 
@-@ owe 
bonding \ os (suprafacial interaction) 
HH 
LUMO 
(antarafacial interaction) 


The interaction is described as suprafacial with respect to the former component 
and antarafacial with respect to the latter. In principle, bonding interaction could 
occur between the two pairs of lobes of like phase, but for this to be significant, 
the further alkene molecule would need to twist about its original x-bond. The 
energy required for this is evidently so much greater than that which would be 
gained through the partial formation of two new C——C bonds at the transition 
state that the reaction does not occur. That is, the process, though symmetry- 
allowed, is sterically inaccessible. 

Consider next the reaction between an alkene and a 1,3-diene. The x-molecular 
orbitals of the diene are formed by combination of the carbon 2p orbitals:* 


Increasing energy 


*In constructing x-MOs for dienes and polyenes, it is useful to remember that the lowest energy MO 
has no nodes, the next has one, the next two, and so on. In this case, the nodes are at the middle of 
the central C—C bond (n.), the middles of the two terminal bonds (3), and the middles of all three 
bonds (14). 
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It is apparent that the symmetries of the HOMO of the diene and the LUMO 
of ethylene are such that, when the reactants approach each other with their 
molecular planes parallel, two new C—-C bonds can be formed at the same time: 


Consequently, two new C-——C bonds are partially formed at the transition state 
and when the bonding energy associated with these is set against that lost as two 
C—C n-bonds are partially destroyed, the activation energy for this concerted 
reaction is relatively low. 

Frontier-orbital theory is straightforward to apply and successfully rationalizes 
the outcome of a wide variety of pericyclic reactions. However, its inherent 
limitation should be recognized: the outcome of a reaction is determined by the 
characteristics of its transition state, whereas frontier-orbital theory is concerned 
only with the initial interaction of the reactants. 


4.9 
Oxidation— 
As strictly defined, a compound or group is described as undergoing oxidation reduction 
when electrons are wholly or partly removed from it. For example, the methyl 
group is oxidized when methane is converted by bromine into methyl! bromide, 
because the electron-pair in the C—Br bond is less under the control of the 
carbon atom than the pair in the original C—H bond since bromine is more 
electronegative than hydrogen. It is more convenient, however, to employ a 
narrower definition: oxidation throughout this book is used to cover reactions in 
which an electron is completely lost from an organic compound, e.g. 
pro £2 pho. 
oxygen is gained, e.g. 


[9} 


RCHO RCO2H 


or hydrogen is fost, e.g. 


-[2H] 
—_—_—_ 


RCH20H RCHO 


Reduction is used to describe the converse reactions. 
Oxidation and reduction are complementary in that in any system in which 
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one species is oxidized, another is reduced. The term used is customarily that 
appropriate to the reaction undergone by the organic compound concerned, e.g. 
the reaction of an alcohol with dichromate is described as an oxidation, although 
of course the dichromate ion is reduced. In some cases, however, this usage is 
unsatisfactory, as in the Cannizzaro reaction in which the disproportionation 
of two molecules of certain aldehydes leads to the oxidation of one and the 
reduction of the other: 


2PhCHO 4+ = PhCOZH + ~~ PHCH,OH 


(a) Oxidation 


Oxidation is normally brought about in one of the following ways. 
(1) By the effective loss of two electrons to a metal ion which is capable of a 
two-electron reduction, reaction occurring within an intermediate compound, e.g. 


CrOa A4o ri 
ReCHOH =e ORC) SI —- RCO + Cr-OH 
-OH \E_Cr—-OH 1 
ow"! 
6) 
R R R R 
Po(OAC)« + a Pb(OA 
gee Son RR 2R,CO + Pb(OAc)2 
HO 0) oe) 
Pb.) 
/\ 
AcO OAc 


(2) By removal of an electron, as in the oxidation of phenols by Fe(CN),°~ 
(p. 597), e.g. 


OH oO oO 
Fe ic Nee — —_ etc. 
-H ,-e 
CHg CH3 CH, 
fo) fe) OH OH 
H 
dimerization — @ C) 
H 
CH3 CH, CHs CH3 


(and other products) 
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The requirement for the oxidizing agent is that it should be capable of one- 
electron reduction (here, Fe(i) to Fe(1)) characterized by a suitable redox 
potential. The requirement for the organic compound is that it should give a 
relatively stable radical on oxidation (achieved in this case by the delocalization of 
the unpaired electron over the benzene ring). 

(3) By removal of a hydrogen atom, as in the radical-catalyzed autoxidation of 
aldehydes (p. 557), 


R._H R’ R 


T i ee 

oO oO 

ee Op ane RCHO ane, n * 
Oo 10) fe) 


{ 

re) 
TY OH + RCHO — 2 RCO2H 
fe) 


Ph . Ph 
\=0 HO HO-)—H 
H o 
Ph Ph Ph 
HOH ae =O + HO 
o HO 


(5) By the insertion of oxygen, as in the epoxidation of an alkene by a 
peroxyacid (p. 588): 
R . R 
\ + PIN oH —. Yn _ + -RYCOpH 


R' O OR 


(6) By catalytic dehydrogenation, as in the palladium-catalyzed conversion of 
cyclohexane into benzene (p. 606). 


(6) Reduction 


The commoner mechanisms of reduction are the following: 
(1) By addition of an electron, as in the formation of pinacols, 


R=O —= RA C-O 


: dimerizes R R 2H 7 p 
2R,6-07 SES RR Oe ORR 
Oo oO HO OH 
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Two electrons may be transferred, as in the reduction of alkynes by sodium in 
liquid ammonia: 


rc=cr -°+ |[rcscr|> + — [rc=cual 


- + R H 
~. [rc=cHR] +e =X 
H 


The requirement of the reducing agent is that it should have a strong tendency 
to donate an electron, e.g. electropositive metals such as sodium, and transition- 
metal ions in low valency states such as Cr(it). 

(2) By addition of hydride ion, usually from a complex metal hydride (p. 651), 


e.g. 


A R 

~ —— A 

H3AI—H oo H-—-O" + AIH, 
R' R' 


Reaction may occur via a cyclic transition state, as in the Meerwein—Ponndorf- 
Verley reduction of aldehydes and ketones (p. 654): 


Zon 
(CHa)26-©_*AKOCH(CHs)a)e R 
HNO —{CHg)2CO_ Be a 


R 


(3) By catalytic hydrogenation, as in the reduction of alkenes over Raney 
nickel (a form of nickel in a very finely divided state): 


R R’ tb-N R R’ 
H H 


These reactions occur in a stereoselective manner, giving mainly the cis-dihydro 
adduct. 


Problems 1. Arrange the following in decreasing order of their reactivity towards an 
electrophilic reagent (e.g. H*): 


+ 
CH2=CHN(CH3)3 CH= CHa CH2=CHCH 3 


CH2=CHOCH, CH2=CHBr CH,=CHNO, 


2. What reactivity differences would you expect between the compounds in each 
of the following pairs: 


(vi) 


(vil) 
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CH, COE! and cH OOF 


EtOEt and CHp=CHOEt 
cl 
cl 
cH and cH cn, 
CH Ct 
its and CHy Cl 
O 
CHy CH, 
CH H3 
Ha Ch be ae As 
O O 
CH. 
CH;~ ~Br and Che Br 
CH, 


cH and eo 


3. Account for the following: 


(i) 


(ii) 
(iii) 


(iv) 
(v) 


(vi) 


Whereas t-butyl chloride almost instantly gives a precipitate with 
alcoholic silver nitrate, the chloride (I) is inert, even on prolonged 


boiling. 


cl 
(I) 

Acetals are stable to bases but are readily hydrolyzed by acids. 
When the solvent polarity is increased, the rate of the Sy2 reaction, 
HO™ + CH3;0SO,Ph — CH30OH + PhSO,O7 
is slightly reduced but that of the Sy2 reaction, 

Et,N + Etl — EtsN*I7- 


is greatly increased. 

The alkaline hydrolysis of ethyl bromide is catalyzed by iodide ion. 
The dehydration of CH;—-CH(OH)—C(CH3)3 with concentrated 
sulfuric acid gives tetramethylethylene. 

Simple f-keto-acids, RCOCH,CO 2H, readily decarboxylate on being 
heated, but the compound (II) is stable. 


HO,C \ 


(i) 
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(vii) The isomeric bromo-ethers (II) and (IV) undergo solvolysis in acetic 
acid to give the same mixture of products. 


CHO Os 


Br 
CH, 
(I) AcOH CH. 
CHO ~~ 3, CH,O 
CHg OAc OAc 
CH;O0 
. 40% 60% 


(IV) 


4. What would you expect to be the major products of the following reactions: 


7) Pras gC 

2 CH3 

(ii) . CHy—)—Cl + KCN it45 
CH, 

ox CH3 heat 

(iii) cai on 

(CH) 
(iv) CH; Br + CHyCHO” Nat = —e 
CH - Net 

(v) YO CHs + CHsCH,07 Na ois 
cl 

(vi) cH CHe + Bro 

(vii) Ch—S=—H + 40 

H 
(viii) cu a + Br areas 
CH 

CH, 

; NN + HCl — 

Xx 

(ix) CHT 


(x) HOT 


MECHANISM 
(xi) CH, S~™>co,H —__heat, 


5. Indicate schematically the mechanisms of the following reactions: 
(i) The acid-catalyzed hydrolysis of an amide, RCONH). 
(ii) The base-catalyzed hydrolysis of an ester, RCO2CH3. 
(iii) The acid-catalyzed bromination of acetone. 
(iv) The base-catalyzed self-condensation of ethyl acetate. 
6. What would be the products if the following hydrolyses were carried out in 
water labelled with '80? 


CH,COZC(CH,)3 He 


CH,CO,CH,  -OHL 
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Stereochemistry 


(a) Enantiomers 


A compound whose structure is such that it is not superimposable on its mirror 
image exists in two forms, known as enantiomers. Lactic acid is an example: the 
two forms may be represented two-dimensionally as (1) and (2) 


a HO H 
Cha ~CO;H one 
(1) (2) 


Other compounds of the general type Cabcd also exist in enantiomeric forms; 
they are described as chiral, from the Greek cheir for ‘hand’ (since the non- 
superimposability of enantiomers is like that of a left and a right hand) and the 
carbon atom with four different substituents is described as asymmetric or a 
stereocentre. 

The physical and chemical properties of enantiomers are identical in a sym- 
metrical environment but differ in a dissymmetric environment. In particular, 
enantiomers rotate the plane of plane-polarized light in opposite directions, al- 
though to the same extent per mole in the same conditions: they are described 
as being optically active. For example, lactic acid (1) is laevorotatory in aqueous 
solution and can be described as (—)-lactic acid; the enantiomer (2) is dextroro- 
tatory and can be described as (+)-lactic acid. 

A dissymmetric environment can also be provided by one enantiomer of another 
enantiomeric pair: (+) and (—) enantiomers usually react at different rates with 
another enantiomer (e.g. p. 150) and give different products (diastereomers, 
p. 140). 

The phenomenon of enantiomers is known as optical isomerism and its import- 
ance stems from the fact that many naturally occurring compounds are optically 
active. Lactic acid, for example, occurs in sour milk as the dextrorotatory 
enantiomer and in muscle tissue as the laevorotatory enantiomer. 

The criterion of non-superimposability of a structure and its mirror-image is a 
necessary and sufficient one for the existence of enantiomers. An alternative 
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approach for deciding whether a particular structure is capable of existing in 
optically active forms is to examine the symmetry of the molecule: a structure 
lacking an alternating axis of symmetry is not superimposable on its mirror image 
and therefore represents an optically active species.* It is common practice 
to check whether the compound possesses a plane of symmetry (a one-fold 
alternating axis) or a centre of symmetry (a two-fold alternating axis). For example, 
cis-1,3-dichlorocyclobutane (3) cannot exist in optically active forms because it 
has two planes of symmetry and compound (4) cannot because it has a centre of 
symmetry. 


Cl Br Cl CH CH3 
a a RT 
cl oBr mn CHs 


(3) (4) (5) 


Caution must be exercised if this approach is adopted; for example, the spiro- 
compound (5) possesses neither a centre nor a plane of symmetry, but it cannot 
exist in enantiomeric forms because it possesses a four-fold alternating axis of 
symmetry. (The reader should show that (5) is superimposable on its mirror 
image.) 


(b) Projection diagrams 


Since stereochemistry is a three-dimensional science which requires two- 
dimensional representation on paper, a number of conventions for representing 
structures has been developed. The earliest was Fischer’s projection formula, 
illustrated for compounds of the type Cabcd, such as lactic acid. The molecule is 
first oriented so that the atom C is in the plane of the paper; two substituents, c.g. 
a and d, are arranged at the top and bottom relative to C, each below the plane of 
the paper and inclined equally to it; and the other two substituents, b and c, are 
arranged to the left and right of C, each above the plane of the paper and inclined 
equally to it. The resulting structure (6) is then projected onto the plane to give 
(7): a molecule shown in Fischer projection as (7) has the structure (6). 


a 

b=C—c mb Oe a-C-d 
E | 
d 


(6) (7) (8) 


The Fischer projection has certain disadvantages. It is easily misused; for example, 
it must be remembered that (7) and (8) are not representations of the same 


* An object possesses an n-fold alternating axis of symmetry if rotation of 360°/n about an axis fol- 
lowed by reflection in a plane perpendicular to that axis brings the object into a position indistinguish- 
able from its original one. 


135 


136 


PRINCIPLES OF ORGANIC SYNTHESIS 


compound but represent enantiomers. Further, the representation of compounds 
containing more than one asymmetric carbon atom is inadequate, e.g. the projection 
(9) for (—)-threose implies an eclipsing relationship of the groups attached to the two 
asymmetric atoms, whereas staggered conformations are more stable (cf. the 
conformational preferences of butane, p. 27). Moreover, the realistic presentation 
of many of the reactions of such compounds necessitates the representation of 
staggered structures (section 5.3). 


CHO 

HO-C-H 
H-C-OH 
CH,OH 


(9) 


There are three conventions which avoid these difficulties. In one, the ‘saw-horse’ 
representation, the bond between the carbon atoms is drawn diagonally, implying 
that it runs downwards through the plane of the paper and is slightly elongated for 
clarity. The substituents on each of the carbons are then projected on to the plane of 
the paper and can be represented as staggered or eclipsed, e.g. for (—)-threose: 


H CHO H CHO HO 
H 
OH OH 
H* ‘CH,OH HOCH,” ~OH H© “CH,OH 
two of the staggered conformations of (-)-threose an eclipsed conformation 
of (-)-threose 


In the second, the Newman projection, the molecule is viewed along the bond 
joining the asymmetric carbon atoms and these atoms are represented as superim- 
posed circles, only one circle being drawn. The remaining bonds and the substituents 
are then projected into the plane of the paper, the bonds to the nearer carbon being 
drawn to the centre of the circle and those to the further carbon being drawn only to 
the perimeter. The projections for (—)-threose which correspond to those above in 
the sawhorse representation are (10)-(12). 


OH H HOH 
H CHO H CHO in 
H CHO 
H CH,0H HOCH, OH H CH2OH 
OH OH 


(10) (11) (12) 


In the third convention, the longest chain, or backbone, of the molecule is drawn 
as a zig-zag in the plane of the paper, and substituents in front and behind the plane 
are drawn with wedged lines and dashed lines, respectively, e.g. 
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HOH OH 
HOCH A cHo —or.simpy = HOW CHO 
HO H OH 


(-)-threose 


This method is particularly suitable for chain compounds which possess multiple 
asymmetric carbon atoms. 


(c) Conventions for describing chirality 


The most widely used convention for describing the relative positions of the atoms 
or groups attached to an asymmetric carbon atom is based upon their atomic 
mass. First, the atoms attached to the stereocentre are listed in order of their 
decreasing atomic mass (e.g. Cl > O > C > D > H). If two or more of these 
atoms are the same, the atomic numbers of the atoms bonded to them define the 
precedence (e.g. CH,F > CH(OCH;), > CHs). If an atom forms a double or 
triple bond, it is treated as though each such bonded atom is duplicated or 
triplicated*, e.g. 


R ae & 
R 16) 
a e 4 
R C Fr 
\=CH, = R CH2 


* This order of precedence is also applied in a convention for naming geometrical isomers. If the two 
substituents on the same side of a C=C bond are of higher precedence, the prefix Z (German 
zusammen, together) is used; if they are on opposite sides, E (German entgegen, across), e.g. 


CH, OCH, H OCH, 
H  CH,OH ba CH2OH 
Zz & 


This has much wider generality than cis,trans nomenclature, which is applicable only if at least one 
pair of substituents on adjacent unsaturated carbon atoms are the same. 
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Then the asymmetric carbon atom is viewed from the side opposite the substituent of 
lowest priority. If the other groups appear in the order of decreasing priority in a 
clockwise direction, the compound is given the prefix R (Latin rectus, right); 
if anticlockwise, S (Latin sinister, left). For example, for glyceraldehyde, 
HOCH,— CH(OH)—CHO, the priority order is OH > CHO > CH,OH > H; 
viewing from the direction opposite the hydrogen atom gives, in a Newman 
projection in which the hydrogen is ‘hidden’, 


OH OH 
lee, mee CH,OH 


(F)-glyceraldehyde (S)-glyceraldehyde 


Another convention employs the prefix p for (+)-glyceraldehyde and com- 
pounds having the same configuration that are derived from it, and the prefix L 
for compounds having the mirror-image configuration, e.g. 


HOH HOH 
HGH CHO BrCH;~ ~COH 
D-++)-glyceraldehyde D-(-)-bromolactic acid 


This convention is now usually employed only in naming members of two groups 
of compounds: sugars and a-amino acids. Sugars that have the same configuration 
as p-glyceraldehyde at the stereocentre most distant from the carbonyl group are 
termed p-sugars,* e.g. 


OH OH 


HOW Y CHO 
OH OH 


0-(+)-glucose 


All the optically active a-amino acids of which naturally occurring peptides and 
proteins are constituted are formally related to L-glyceraldehyde, NH replacing 
OH, and are named as L-amino-acids, e.g. 


* The logic of this is that the p-sugars have been synthesized from p-glyceraldehyde by reactions which 
preserve the latter’s stereochemistry and introduce a new carbonyl group further from its stereocentre, 


e.g. 


OH OH 
pia OO ce Hoy cHo * HOS cHo 
OH OH OH 


D-erythrose O-threose 
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HoNH HN H 

HO 3 Ph. 3 
Acoyn CO,H 
L-serine L-phenylalanine 


(d) Structural situations which give rise to optical isomerism 


In addition to compounds of the type Cabcd which possess one asymmetric 
carbon atom and fulfil the conditions necessary for the occurrence of enantiomeric 
pairs, there are several other structural situations which lead to the occurrence of 
optical isomerism. Some of these structures contain one or more stereocentres 
and others owe their optical activity to the presence of other dissymmetric features. 


(i) Compounds possessing a stereocentre other than carbon. Since the valencies 
of nitrogen in an amine are directed approximately towards three corners of 
a tetrahedron with the lone-pair being directed towards the fourth corner, it might 
be expected that an amine of the type Nabc would exist in enantiomeric forms: 
the mirror images (13) and (14) are not superimposable. However, the separation 
of such acyclic amines into optically active isomers has never been achieved 

UN, 


ay\\c o” Wa 
b b 


(13) (14) 


because the isomers are too rapidly interconvertible by a flapping mechanism, 


a, c N 
.N ene bm 7 “ip 
oy) “Se => “N cw \a 
b 6 


a 


ie. (13) ——— (14) 
However, the planar transition state for flapping of some aziridines, e.g. 


Cl 
‘ 
* 
cl 


(15) (16) 


is sufficiently strained that it has been possible to isolate the individual enantiomers. 

Ternary phosphorus, arsenic, and antimony compounds are configurationally 
more stable than their nitrogen analogues and several have been resolved, e.g. 
PMeEtPh, whose enantiomeric forms have the structures (17) and (18). Since 
quaternary ammonium ions cannot flap in the manner of amines, those of the type 
Nabcd* exist as enantiomeric pairs some of which have been separated, e.g. (19) 
and (20). Phosphonium and arsonium salts have also been resolved. 
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P 5 Ph, CHa Ph hs 
CH3""y ~CzH CpH3~ \""CHa it tt 
pe Ph PhCH,” ~~ Nou ph 


(17) (18) (19) (20) 


Optically active sulfonium salts, sulfoxides, and silicon and germanium analogues 
of hydrocarbons have also been obtained, e.g. 


: Su eee 2 

CHa"? CHa" "Ph Si Ge 

Che CH,COPh O Pho No Ph > Np 
(Np = 1-naphthy!) 


(ii) Compounds possessing two or more asymmetric carbon atoms. Compounds 
with two asymmetric carbon atoms in which at least one substituent is not 
common to both carbons occur in four optically isomeric forms, e.g. the four 
isomers of structure CH(OH)(CH,OH)—CH(OH)(CHO) are: 


OH OH QH OH 
eee Hoy cHO Hoy CHO Hoy CHO 
OH OH OH OH 

(-)-erythrose (+)-erythrose (-)-threose (+)-threose 


In general, a compound possessing n distinct asymmetric carbon atoms exists in 2” 
optically active forms. 

It should be noted that, whereas (+)- and (—)-erythrose and (+)- and (—)- 
threose are mirror-image pairs and therefore have identical properties in 
a symmetric environment, neither of the erythroses bears a mirror-image relation- 
ship to either of the threoses. These and other stereoisomers which are not 
enantiomers are described as diastereomers (or diastereoisomers) and, unlike 
enantiomers, they differ in physical and chemical properties. 

Compounds which contain two asymmetric carbon atoms and are of the type 
Cabc-Cabc exist in only three isomeric forms. Two of these are non-superimposable 
mirror images of each other and are optically active and the third, a diastereomer 
of the first two, contains a plane of symmetry, is superimposable on its mirror 
image, and is not optically active, e.g. 


OH OH OH CO.H 
CO,H —- HOC ACOH HOH 
Hoc7Yy 2 2 Scout HO,C7 ad poo 
OH OH OH COH 
($,S)-(-)-tartaric (A.R)-(+)tartaric (A,S tartaric on 
acd acd acd plane of symmetry 
(21) (22) (23) pees 


paper 
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The inactive (R,S)-diastereomer is usually described as a meso form. As with 
other examples of diastereomers, the properties of meso forms are different from 
those of the isomeric mirror-image pairs: for example, meso-tartaric acid melts at 
a lower temperature (140°C) than the (R,R)- and (S,S)-isomers (170°C), and is 
less dense, less soluble in water, and a weaker acid. 

It is simple to extend this discussion to compounds which contain more than two 
asymmetric carbon atoms. For example, the aldohexoses, CHYOH—(CHOH), 
—CHO, possess four such atoms, each of which is distinct from the remainder, 
and there are therefore 2‘ or 16 stereoisomers all of which are optically active. On 
the other hand, some of the derived saccharic acids, HO,C—-(CHOH),—CO2H, 
have symmetry properties which make them optically inactive: ten stereoisomers 
exist of which eight are optically active (four pairs of enantiomers) and two, (25) 
and (26), are meso forms. 


CO.H CO,H 
H-+-OH H—-+- OH 
H---OH HO-+—H 
H—-+-OH HO——H 
H-1+-OH H—+-OH 

CO,H CO,H 

(25) (26) 


(iii) Allenes. An sp-hybridized carbon atom possesses one electron in each of 
two mutually perpendicular p orbitals. When it is joined to two sp?-hybridized 
carbon atoms, as in an allene, two mutually perpendicular n-bonds are formed 
and consequently the n-bonds to the sp?-carbons are in perpendicular planes (27). 
Allenes of the type abC==C==Cab (a # 5) are therefore not superimposable on 
their mirror images and, despite the absence of any asymmetric atoms, exist 
as enantiomers (28) and (29). Several optically active compounds have been 
obtained (e.g. a = phenyl, b = 1-naphthyl). 


‘ 7 a b 
"UC=Cr C=C=C 
2ec=c=C 


(27) (28) (29) 


(iv) Alkylidenecycloalkanes. The replacement of one double bond in an allene 
by a ring does not alter the basic geometry of the system and appropriately 
substituted compounds exist in optically active forms, e.g. (30). Related compounds 
in which sp?-carbon is replaced by nitrogen, e.g. (31), have also been obtained as 
optical isomers. 
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H 
O O 
H CO2H H pa HN N = 
MN, N ae 
CH, HO,C om —N NH 
H H 
fo) 
(30) (31) (32) 


(v) Spirans. The replacement of both double bonds in an allene by ring systems 
gives a spiran; appropriately substituted compounds have been obtained in optically 
active forms, e.g. (32). 


(vi) Biphenyls. The two conformations, (33) and (34), of meso-2,3-dichloro- 
butane are non-superimposable mirror-images of each other. However, it is not 
possible to isolate optically active forms because rotation about the central C—C 
bond occurs rapidly and results in the interconversion of the two structures. On 
the other hand, when the barrier to rotation about a C—C bond exceeds about 
80kJ mol™', rotation is slow enough at room temperature for the isolation of 
optically active isomers to become practicable. This situation holds for certain 
biphenyls of the general structure (35). 


CH, CH, Y 
CH, Cl cl CH; 
a) 
H cl cl H X 
H H 
(33) (34) (35) 


Optical isomerism in biphenyls is possible because the conformation in which 
the benzenoid rings are coplanar and which possesses a plane of symmetry is 
strained with respect to non-coplanar conformations such as (35) as a result of the 
steric repulsions between pairs of ortho-substituents on the adjacent rings. The 
substituents X and Y require to be fairly bulky for the occurrence of the necessary 
barrier to rotation and their presence also ensures that the molecule has the 
necessary lack of symmetry for optical activity. Examples of compounds of this 
type which have been obtained in optically active form are biphenyl-2,2’-disulfonic 
acid (X = Y = SO,OH) and the diamine (X = Y = N(CH3)). 

A given energy barrier between a biphenyl and its enantiomer is surmounted 
more rapidly at higher temperatures. Hence one enantiomer is converted, with 
first-order kinetics, into a mixture of the enantiomers at a rate which increases 
with temperature, and the optical activity of the species falls eventually to zero 
when equilibrium is reached. This process — racemization (p. 145) — occurs less 
rapidly as the sizes of X and Y are increased. The introduction of one or two 
more ortho-substituents in place of hydrogen atoms therefore reduces the rate of 
racemization to an extent depending on the sizes of the groups, e.g. racemization 


STEREOCHEMISTRY 


of the compounds (36) occurs at 118°C with a half-life of 91 minutes (Z = 
OCHS3), 125 minutes (Z = NO2), and 179 minutes (Z = CHs3). 


HOC x x 
: ere: 
<<) (se) 
Z 
OoN xX Y 
(36) (37) 


Optical isomerism occurs also in suitably substituted polyphenyls but the stereo- 
chemistry is more complex since both meso forms and geometrical isomerism are 
also possible. For example, compounds of the type (37) exist in three stereo- 
isomeric forms: there are enantiomeric cis isomers, one of which is (37), and a 
trans isomer (in which the X groups on the end rings are on opposite sides) 
which, having a centre of symmetry, is an optically inactive (meso) form. 

There are other compounds which are optically active due to restricted rotation 
about single bonds, of which the following are examples: 


totation 


restricted 
PhSO, CH,CO,H 
Cl % 
ei H NO. N rotation 
SS restricted 
fon Ce 
CH, CH 
Br 
(38) (39) 


(CHa)n (CHa)n 


(40) 


Compounds of the type (40) (‘paracyclophanes’) have been resolved when m and 
n ate fairly small (e.g. when m = 3, n = 4, and X = CO)H) for then the 
benzenoid rings cannot rotate at a significant rate. When the connecting methylene 
chains are longer, however, rotation is so fast that the enantiomers rapidly 
equilibrate. 


(e) Absolute configuration 


The complete structure of a chiral molecule is not elucidated until the absolute 
configuration of the compound — the actual arrangement of the atoms in space — is 
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known. The first determination of absolute configuration, by an X-ray method 
(1951), showed that sodium rubidium (+)-tartrate has the absolute (R,R) 
configuration (41). 


H OH 


PHL A co a 


H OH 
(41) 


The absolute configurations of other optically active compounds can be obtained 
from that of the (+)-tartrate by correlative methods. The simplest of these is to 
convert one optically active compound into another without breaking any bond 
to the relevant stereocentre. The absolute configurations of reactant and product 
are then necessarily the same, so that if one is known the other follows. For 
example, the known sodium rubidium (R,R)-(+)-tartrate can be converted in this 
way successively into (R)-(+)-malic acid, (R)-(+)-isoserine, (S)-(—)-bromolactic 
acid, and (R)-(—)-lactic acid, all of whose absolute configurations are thereby 
established. 


OH OH OH 
HO. 
Noo ae Hoe A a Scan 
OH 
(R,R)-(+)-tartaric acid (R)-(+)-matic acid (R)-(+)-isoserine 
OH OH 
Br. 
oe CO3H ae Bie ean 
(S)-(-)-bromolactic acid (R)-(-)-lactic acid 


It must be emphasized that there is no simple relationship between absolute 
configuration and the sign of rotation of an optically active compound; a structural 
alteration in which the absolute configuration of the chiral centre is maintained 
can result in a change of the direction of rotation, as in the above conversion of 
(R)-(+)-isoserine into (S)-(—)-bromolactic acid. 


(f) Racemates and racemization 


The optical activities of equal numbers of molecules of enantiomers nullify each 
other. Such an assembly is known as a racemate and is often symbolized by (+). 
A racemate can crystallize in one of three ways. When each enantiomer has a 
greater affinity for molecules of its own kind than for those of the other, the 
enantiomers tend to crystallize separately to give a racemic mixture of two types of 
crystals. When each has a greater affinity for molecules of the other enantiomer, 
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the crystal grows by the laying down of (R)- and (S)-molecules alternately, to give 
a racemic compound. When there is little difference between the affinities of one 
enantiomer for molecules of its own type and for those of the other, the arrange- 
ment in the solid is random and a racemic solid solution is obtained. 

Racemates can be obtained in three ways: by mixing equal amounts of the 
enantiomers, by synthesis, and by racemization. 


(i) Synthesis. The synthesis of an asymmetric compound from symmetric 
reactants necessarily produces a racemic modification. Consider, for example, the 
addition of hydrogen cyanide to acetaldehyde. If the approach of cyanide ion to 
the aldehyde in the conformation (42) is as shown, the product is (R)-lactonitrile, 
but it is statistically as probable that the approach will be to the mirror-image 
conformation (43), giving (S)-lactonitrile. It is apparent that any particular pathway 
to the (R)-product corresponds to an equally probable pathway to the (S)-product, 
so that a racemate is produced. 


u | éN H ON 
\ ut 
H “= H H —_ (R)-lactonitrile 
7 
H O H oO 
(42) 
NC ee NC, H 
- 
H — HH H the = (S)-tactonitrite 
H - H 
re) (@) 
(43) 


(ii) Racemization. Racemization, defined as the production of a racemate from 
one enantiomer, is normally an undesirable process; that is, when 


it is necessary to synthesize an optically active compound, it is necessary to avoid 
steps which result in racemization. 

Racemization can occur in a number of ways, one or more of which may apply 
to a particular optically active compound. The commoner mechanisms are 
as follows. 


(1) By rotation about a single bond. The bipheny!s and related compounds, in 
which optical activity results from the restriction of rotation about a single bond, 
racemize when enough thermal energy is present for the energy barrier between 
the enantiomers to be surmounted at a practicable rate (p. 142). 

(2) Via an anion. Since carbanions RR’R’C , like amines, are not optically 
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stable, an enantiomer of the type RR’R’C— X racemizes in an environment in 
which X is reversibly removed without its bonding pair of electrons. The group X 
is most commonly hydrogen, and if one or more of the other substituents is of 
the type which stabilizes a carbanion, racemization can occur in basic conditions. 
For example, enantiomers containing a carbony! group adjacent to the asymmetric 
carbon racemize in this way: 


HR RH 


R R : 

% ° OH™ ‘ag < ges R" HO % " 

2 Sy ee ey 
fe) oO oO 0 


Other groups of —M type, such as nitro and ester (p. 32), have the same effect as 
carbonyl. 

(3) Via a cation. Carbocations are coplanar at the tervalent carbon atom, so 
that if the ion RR‘R’C* is formed from an enantiomer RR'R’C—X by the 
reversible removal of X with its bonding pair, racemization occurs. The group X 
is usually a halogen, and its removal can be aided by a Lewis acid, e.g. 


R ‘ Pp 
R” A R" 3 R" 
AICly 


(4) Via reversibly formed, inactive intermediates. This mechanism is similar to 
methods (2) and (3) save that the intermediate is a relatively stable compound as 
compared with the transient carbanions and carbocations. For example, optically 
active ketones containing an a-CH group racemize when treated with acid which 
catalyzes the formation of the optically inactive enol tautomer: 


ne + HOF + i 
3 " H % ‘ -H " 
O *OH OH 
enol 
R' H R' H 
*OH fe) 


This method is complementary to base-catalyzed racemization. 

(5) By Sy2 reaction. The racemization of optically active halides, in which the 
halogen is attached to the asymmetric carbon, occurs in the presence of the 
corresponding halide ion. This is a result of the fact that the S,y2 reaction causes 
inversion of configuration (p. 160). 
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R R 
a7 SN 
R pa = ie l 
R" R" 


Repetition of this process leads to the racemate. 


(g) Epimerization 


Epimerization is said to occur when there is a change in configuration at one 
stereocentre in a compound which possesses more than one such centre. It results 
in the formation of a diastereomer, not the enantiomer, of the starting material. 
The mechanisms of epimerization parallel those of racemization. 


(h) Resolution 


The resolution of a racemate consists of separating the enantiomers and isolating 
them in a pure state. (In synthesis, it is common practice to attempt to obtain only 
the required enantiomer in pure form.) There are two widely used approaches to 
resolution: via diastereomers, and by biochemical methods. 


(2) Via diastereomers. The reaction of each of a pair of enantiomers with an 
optically active compound gives two diastereomers. Since diastereomers do 
not have identical properties, it is usually possible to separate them: crystallization is 
most commonly employed. Provided that the reaction leading to the diastereomers 
can be reversed, resolution can be achieved. 

The criteria for a satisfactory resolution by this method are that the diastereo- 
mers should be easily formed, well crystalline, and easily broken up. These 
conditions are met by employing salts: if the required enantiomers are acids or 
bases, or can be converted readily into them, treatment with an optically active 
base or acid, respectively, gives the diastereomeric salts and, after separation, the 
required enantiomers can be obtained by treating each diastereomer with mineral 
acid to isolate an organic acid, or with base to isolate an organic base. Many 
optically active acids and bases which are suitable as resolving agents occur 
naturally, e.g. (+)-tartaric acid and the alkaloids quinine and brucine. 

Enantiomers which are neither acids nor bases are usually converted into acidic 
derivatives for resolution. For example, alcohols can be treated with phthalic 
anhydride to give the acid phthalate esters (44) which, after separation, are 
reconverted into the enantiomeric alcohols by hydrolysis with sodium hydroxide 
or reduction with lithium aluminium hydride (p. 658). Carbonyl compounds can 
be resolved by treatment with the semicarbazide (45), resolution of the resulting 
enantiomeric acids (46) with an optically active base, and reconversion by hy- 
drolysis. Amino acids, which are amphoteric, are usually first converted into their 
N-acetyl derivatives which are resolved as acids and reconverted by hydrolysis. 
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se) resolution via the 
CO2R-(£) salt formed with an 
re) £9 - FOR St optically active base 
CO,H 
. (44) 
: CO; 
= (+)-ROH + CX 
CO} 
é al 
eis CH,OH 
one enantiomer LAI, (+)-ROH re CX 
CO.H 
N N RR'C 4 H 
(t)-RA'CO + sins (4)- sn-NS EN 
ie) [ a 
2 COoH CO,H 
(45) (46) 
1) resolution via an optically active base 
aL fyerohsls = (+)-RR'CO 


Compounds which cannot be converted readily into acidic or basic derivatives 
may be obtained in optically active form by synthesis from an optically active 
precursor. There are, however, some special, rather than general, methods 
of resolution via diastereomers. 

First, the diastereomeric molecular complexes formed with a chiral reagent 
may be employed. For example, the optically active fluorenone derivative (47), 
itself obtained by resolution as an acid, can be used to resolve derivatives of 
aromatic compounds such as naphthalenes which complex with it; the separated 
diastereomers are usually reconverted readily into the reactants by heating 
or chromatography. A related method employs the inclusion complexes (clathrates) 
formed by certain chiral compounds. 


NO, NO» 


O,N CTL) NO, 


fo) 
coi 


(47) 


Second, in some cases enantiomers can be separated by chromatography on 
an optically active support such as silica in which surface hydroxyl groups have 
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been derivatized by treatment with (R)-phenylglycine. Diastereomeric adsorbates 
are formed which have different stabilities; the enantiomer forming the less stable 
adsorbate is eluted first. 


(ii) By biochemical methods. These methods differ from those in which dia- 
stereomers are formed and separated in employing the differences in rates of 
reactions of each of a pair of enantiomers with, or in the presence of, an 
asymmetric material of natural origin. The asymmetric compounds used include 
both enzymes and living organisms such as moulds. Their use is special rather 
than general, but where they are successful they are usually very efficient. The 
following are examples. 

(1) Whereas the laboratory reaction between acetaldehyde and hydrogen 
cyanide gives optically inactive lactonitrile (p. 145), the presence of the enzyme 
emulsin gives a nearly optically pure product. 

(2) The mould Penicillium glaucum preferentially destroys the (+)-isomer of 
racemic ammonium tartrate, leaving the pure laevorotatory salt. 

(3) The reaction of racemic acetylphenylalanine with p-toluidine catalyzed by 
the enzyme papain gives the p-toluidide of acetyl-.-phenylalanine and leaves 
unchanged b-phenylalanine: 


NHAc ; 
papain 
+ 4H n{_ Von =— 
me Aco : : 


(4) 
NHAc,, NHAc 
as a @ iid 
° CHs 
t-isomer O-isomer 


These three examples are typical of methods which are described respectively 
as asymmetric synthesis, asymmetric destruction, and asymmetric kinetic resolution. 


(iii) Other methods. A variety of less general methods has been used for 
resolution. The earliest ever employed was the hand-picking of the asymmetric 
crystals of the enantiomeric sodium ammonium tartrates, but this method is 
limited because it is applicable only to racemic mixtures (p. 144), it requires that 
the crystals be easily distinguishable by eye, and it is excessively tedious. 

Another method is to seed a saturated solution of the enantiomers with a 
crystal of one form which can induce the crystallization of the same enantiomer. If 
a crystal of one form is not available, it is sometimes possible to induce selective 
crystallization by seeding with a crystal of an optically active form of another 
molecule. In other cases one enantiomer may crystallize spontaneously from a 
supersaturated solution. 
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Finally, resolution has been achieved in one instance by inducing a photo- 
chemical reaction with circularly polarized ‘ight: irradiation of racemic 
CH3CH(N3)CON(CH3), preferentially destroys one enantiomer, depending on 
the direction of polarization of the light, and leaves some of the reactant enriched 
in the other enantiomer. 


(i) Diastereoselective synthesis 


Many naturally occurring compounds contain several stereocentres, as do many 
other structures that are important synthetic targets (for example, compounds 
that are thought likely to have valuable biological properties). In order to maximize 
the overall yield in the synthesis of such compounds, it is important to employ 
reactions for the generation of each stereocentre that give as high a yield 
as possible of the desired stereoisomer. 

A reaction between a symmetric organic compound and a symmetric reagent 
which creates a stereocentre inevitably yields equal amounts of the two enantiomers 
(p. 145). However, if one of the components is asymmetric, two diastereomers 
are formed in different amounts.* 

This is the basis of diastereoselective synthesis and it can be illustrated by the 
addition of a nucleophile Nu~ to the carbonyl group of a chiral compound 
R—CO—CLMS, where L, M, and S represent, respectively, the largest, 
medium-sized, and smallest of the substitutents (other than the keto group) on 
the asymmetric carbon. Prediction of the stereochemistry of the major product of 
the reaction can be made by applying Cram’s rule, which was originally based on 
experimental observations and has now been rationalized, with the aid of theoretical 
calculations, in the Felkin-Anh model, as follows. The lowest-energy transition 
state corresponds to a conformation of the carbonyl compound in which, in 
Newman projection, the C—L bond is perpendicular to the carbonyl group. The 
nucleophile approaches the carbonyl carbon in a plane perpendicular to that of 
the —-CO— fragment, from the side opposite the C—L bond and at an obtuse 
angle with C=O, corresponding approximately to the tetrahedral angle of 
Nu—C—O in the product. There are two such conformations, (48) and (50), 
and the former is of lower energy because there is less steric interference between 
the nucleophile and the smallest group, S, than between the nucleophile and the 
larger group, M. The major product is therefore (49). Likewise, the enantiomeric 
ketone gives mainly the enantiomer of (49). 


* When a stereocentre is established during a reaction between two symmetric components, en- 
antiomeric transition states are involved which, except that they are non-superimposable mirror 
images, are structurally identical and therefore of the same stability. However, if one of the com- 
ponents is asymmetric, the transition states are diastereomeric and therefore can differ in energy, 
whence rate differences arise. 
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Nu- L 
Nu 
S M S M SM SM 
R o — = Z Nu 3 R R e) 
L 2 L 5 M S$ 
R 0 RO” "Nu : 
L L Nu 
(48) (49) (50) 


For example, the reduction of (R)-PhCHMe—COMe (in which the sizes of the 
groups decrease in the order Ph > CH; > H) with lithium aluminium hydride 
gives three times as much of the product predicted by Cram’s rule as its 
diastereomer:* 


H_ CH, H CH, H. CH 
> CH ee OCH, + XL CH, 
Ph 2) H* Pho Phe 
fe) HO-H H OH 
3 parts 1 part 


There are two common circumstances when Cram’s rule is not necessarily 
followed. When the reagent is associated with a metal ion and one of the 
substituents on the asymmetric carbon is an alkoxy or other complexing group, 
the preferred transition state corresponds to conformation (51); and when one of 
the substituents is strongly electronegative (e.g. bromine), it corresponds to (52) 
as a result of the tendency of the negatively polarized oxygen and bromine atoms 
to be as far apart as possible. 


R 
L / L 
Oo + Br 
R o—M R fe) 
s vA s 
Nu" Nu™ 
(51) (52) 


This approach to stereoselectivity has two limitations: the necessary stereocentre 
may not be present in the organic reactant and in most cases the degree of 
selectivity is usually not high. It is therefore generally better to employ an 
asymmetric reagent: in particular, for reduction of C=O and for certain additions to 
C==C, asymmetric reagents are commercially available which, because of the 
bulkiness associated with their reactive sites, are highly enantioselective (e.g. pp. 
487, 653). 


* It is convenient to define the diastereomeric excess (d.e.) in the reaction as the difference in yields of 
the two diastereomers as a fraction of their total yield, x 100%. In this case, the d.e. = (3 — 1)/4 x 
100 = 50%. 
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5.2 

The 
stereochemistry 
of cyclic 
compounds 


The shapes of cycloalkanes containing three to six carbon atoms were discussed 
briefly in chapter 2 (p. 28) and these compounds are here considered in the wider 
context of their stereochemical properties. 


(a) Types of stereoisomerism in cycloalkanes and their derivatives 


(i) Cyclopropanes. The carbon atoms in cyclopropanes must inevitably lie in a 
plane. A monosubstituted (53) and a 1,1-disubstituted (54) cyclopropane exist in 
only one form, for the structures possess a plane of symmetry. A 1,2-disubstituted 
compound exists in four forms: a pair of cis enantiomers (55) and a pair of trans 


a a a b b aa a 
~~ ~A, => od aA, a 
(53) (54) (55) (56) 


enantiomers (56). If the substituents are the same (a = b) the cis form possesses a 
plane of symmetry and is therefore a meso type. 


(ii) Cyclobutanes. The CCC-angles would be least strained if cyclobutanes 
adopted a coplanar-ring structure, but this structure corresponds to maximum 
steric repulsion (torsional strain) between substituents on adjacent carbon atoms. 
As a result of these opposing factors, the ring buckles slightly from the plane. 
As with cyclopropanes, monosubstituted and 1,1-disubstituted cyclobutanes 
exist in only one form whereas 1,2-disubstituted cyclobutanes exist as diastereo- 
meric pairs of enantiomers (57, 58) (or a pair of enantiomers and a meso form if a 
= b). However, both the cis and the trans 1,3-disubstituted derivatives (59) and 
(60) possess a plane of symmetry so that there are only two isomers and neither is 
optically active. (This is true of any disubstituted cycloalkane containing an even 
number of carbon atoms where the substituents are on the opposite sides of the 


ring.) 


a b b a a a a a 
Pa ae a LA, aT eH’ P=4 
+ enn aunemeeed ye b 
(57) (58) (59) (60) 


(iii) Cyclopentanes. The opposing angular and torsional strain factors which 
apply to cyclobutanes apply also to cyclopentanes, and these compounds adopt an 
‘envelope’ structure. 


‘envelope’ conformation 
of cyclopentane 
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The 1,2- and 1,3-disubstituted compounds exist in four forms, there being two 
diastereomeric (cis and trans) pairs of enantiomers (cf. cyclopropanes). 


(iv) Cyclohexanes. The cyclohexane system is by far the most commonly oc- 
curring of the cycloalkanes in natural products, doubtless because of its stability 
and the (related) ease of its formation (p. 28). 

Unlike the 3- to 5-membered rings, cyclohexanes can adopt a conformation 
which is free both of angular strain and of torsional strain: this is the chair 
conformation (61) shown also in Newman projection (63). By co-ordinated rotations 
about its single bonds, the molecule can flip into the mirror-image chair confor- 
mation (62), and since the energy barrier between these forms is only 42kJ mol™!, 
flipping occurs rapidly at room temperature (kc. 10*s~"). In between the chair 
structures there are two other notable conformations: the skew-boat conformation 
(64), which is 23kJ mol~' less stable than the chair and the boat conformation 
(65) (Newman projection (66)), which is 30kJmol~! tess stable. It should be 
noted that the last is free of angular strain but possesses considerable torsional 
strain as a result of four eclipsing interactions (xx, etc.) and repulsion between the 
two groups y (the so-called bowsprit-flagpole interaction). Although the skew- 
boat form is not strainless, the torsional strain forces are considerably less than 
those in the boat form and the structure is (7 kJ mot~') more stable. The complete 
energy profile is shown in Figure 5.1; the chair conformations constitute over 
99.9% of the mixture of isomers. 


skew boat 
boat 


Energy (kd mot!) 


Figure 5.1 Energy profile and conformations of cyclohexane. 


Axial and equatorial bonds. The twelve C—H bonds in the chair structure of 
cyclohexane are of two types (67). Six of the bonds are parallel to the three-fold 
axis of symmetry of the molecule, i.e. they are represented by vertical lines in the 
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H Yow 
H H 
ees | aes H H 
H H H 
(61) (62) (63) 
aH 
y y i | HH 
. ) 4 Ho 
x x 
(64) (65) (66) 


plane of the paper, and are described as axial, and the remaining six bonds are 
inclined at an angle of 109° 28’ to the three-fold axis and are described as 
equatorial. In derivatives of cyclohexane, the substituents which are in one or 
other of these two situations are described as axial and equatorial substituents, 
respectively. 


axis 


equatorial 
: x : 
i a axial j 
: = i 
I : 
(67) (68) (69) 


Monosubstituted cyclohexanes. The substituent in a monosubstituted cyclo- 
hexane may be either axial (68) or equatorial (69). These structures are isomeric, 
but it is not possible to isolate two isomers — conformational isomers — because the 
rate of interconversion of the two, through ring flipping, is too rapid and an 
equilibrium is maintained. The two isomers normally have different energies, so 
that the equilibrium constant is not unity. The difference arises because there are 
repulsive forces between the axial substituent and the axial hydrogen atoms on C3 
and Cs; which are not present when the substituent is equatorial and which 
destabilize the axially substituted compound. The difference in stability increases 
with the size of the substituent, e.g. for methyl, phenyl, and t-butyl, AG® is c. 7-1, 
11-3, and 23-4kJ mol~', so that the equilibrium constants are about 20, 100, and 
10*, respectively, in favour of the equatorially substituted conformational isomer*. 


*From RT In K = —AG®. Typical relationships between K and —AG® at room temperature are 
(approximately): 


-AG@UkK) 3.6 11 17° 23 
K 3 10 10? 10° 10° 
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Disubstituted cyclohexanes. There are three geometrically different relation- 
ships between the substituents, X, in a 1,2-disubstituted cyclohexane of the 
formula CgHj 9X2: each substituent may be axial (70), each may be equatorial 
(72), or one may be axial and the other equatorial (74). The three structures are 
shown together with their mirror images. 

None of the structures is immediately superimposable upon its mirror image, 
and three pairs of enantiomers might be expected. In practice, however, there 
are fewer stereoisomers as a result of the rapid interconversions of chair confor- 
mations: (70) is in equilibrium with (73) (as can be seen by converting (70) into 


Ln Jaap Re 


x 
(70) (71) (72) (73) 
x x 
ra. Aa 
(74) (75) 


the alternative chair conformation and rotating this through 120° about the axis of 
symmetry) and likewise (71) is in equilibrium with (72). These four structures 
therefore constitute one pair of enantiomers. The remaining pair are superimposable 
by chair flapping, and therefore constitute a (+)-pair which are unresolvable 
because they interconvert too rapidly. 

Largely for historical reasons* the structures (70)—(73) are described as trans 
and the two which constitute the (+)-pair are described as cis. Clearly, the 
relationship between the X groups in (70) and (71) is a trans one, but it is not so 
in the conformational isomers (73) and (72). It is useful to retain the terminology 
however, and trans substituents in cyclohexanes (and other rings) are defined as 
substituents which are on opposite sides of the ring when the ring is moulded into 
a planar form; cis substituents are those which are correspondingly on the same 
side of the ring. The trans isomer is usually more stable when the substituents are 


* [t was originally thought that cyclohexanes have planar rings. The relationship between the isomers 
above was therefore imagined to be similar to that of the geometrical isomers of alkenes, i.e. 


xX X xX 
cis 


tans 


The non-resolvable cis isomer is now seen to be the conformational isomer with one axial and one 
equatorial substituent, and the resolvable trans isomer to be the conformational isomer with both 
substituents either axial or equatorial. 


155 


156 


PRINCIPLES OF ORGANIC SYNTHESIS 


both equatorial (cf. monosubstituted cyclohexanes), e.g. for X = CH, AG® is 
about 11-3kJ mol”! so that only about one molecule in a hundred is present in the 
diaxial form. The trans isomer is more stable than the cis isomer, in which one 
substituent is necessarily in the unfavourable axial situation, e.g. for X = CHs3, 
AG? is about 7-5kJ mol™!. 

This discussion of the 1,2-disubstituted cyclohexanes can readily be extended to 
the 1,3- and 1,4-analogues. The 1 ,3-compounds exist in three discrete stereoisomeric 
forms: an enantiomeric trans pair in which one substituent is axial and the other 
equatorial, (76) and (77), and a cis isomer which has a plane of symmetry (not 
resolvable) and which consists of interconvertible conformational isomers having 
both substituents respectively equatorial (78) and axial (79), the 


x xX 
Eo A, GG A 
Xx x . x x 
(76) (77) (78) (79) 


former predominating. The cis isomer (78) is in this case the more stable, e.g. for 
X = CH, by 7-5kJ mol}. 

The 1,4-compounds exist in only two forms: a trans compound, with both 
substituents either equatorial (80) or axial (81); and a cis compound, with one 
axial and one equatorial substituent (82). Both cis and trans compounds possess a 
plane of symmetry and are optically inactive and the trans isomer is the more 


stable. 
a it ae -~7™* 


(80) (1) * X (2) 


(v) Cyclohexene. Since the four carbon atoms in the fragment C—C==C—C 
are necessarily coplanar, cyclohexene cannot adopt either a chair or a boat form. 
Instead, its preferred conformation is the half-chair (83). 


H 
ae Lh 


(83) (84) 


(vi) Cyclohexanone. Compared with cyclohexane, the ring in cyclohexanone is 
buckled very slightly from the chair structure in order to accommodate the 
trigonal carbon atom whose optimal CCC angle is 120°. As shown in (84), the 
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equatorial hydrogen atoms on the a-carbon atom are then nearly eclipsed by the 
carbonyl oxygen, so that equatorial substituents are somewhat destabilized by 
steric repulsions. In some cases this results in the greater stability of the axially 
substituted conformational isomer (e.g. 2-bromocyclohexanone) and in others, of 
the boat-shaped conformation [e.g. cis-2,4-di-t-butylcyclohexanone (85)]. 


t 
Bu! Bu Oo 
te) But Ve 
TT — o 


(85) 


(vii) Larger rings. Heat of combustion data show that cycloalkanes containing 
7- to 11-membered rings are all slightly strained (p. 29). This is because the 
conformations in which the CCC angles are tetrahedral do not correspond to the 
optimal staggered arrangement of hydrogen atoms on adjacent carbons. Indeed, 
to reduce the strain due to this partial eclipsing, the rings deform slightly and an 
optimum situation is achieved in which the total strain (angular + torsional) is 
minimized. Rings containing 12 or more carbon atoms can, however, adopt 
conformations in which there is neither angular nor torsional strain. 

Detailed information about the preferred conformations of cycloalkanes con- 
taining 7 or more members is not complete. It is, however, known that cyclo- 
heptanone preferentially adopts the somewhat deformed chair structure (86). 


i 


(86) 


(b) Fused rings 


A fused ring system is one in which adjacent rings have two atoms in common. By 
far the most important is the decalin system, of which there are two isomers; the 
preferred conformations of each are shown. 


H H 
H 
H 
cis-decalin trans-decalin 
(87) (88) 


In the trans isomer each ring is fused to the other by equatorial bonds, whereas 
in the cis isomer one ring is joined to the other by an axial bond. Consequently, in 


157 


158 


PRINCIPLES OF ORGANIC SYNTHESIS 


line with the greater stability of trans- than cis-1,2-dimethylcyclohexane (p. 155), 
the trans isomer is the more stable (by 11 kJ mol™'). 

trans-Decalin is incapable of undergoing ring flipping, whereas the cis com- 
pound interconverts rapidly with the conformational isomer in which the rings 
shown in (87) are in the alternative chair forms. The trans compound possesses a 
centre of symmetry and is therefore optically inactive. The cis compound is 
asymmetric in both conformations, which are non-superimposable mirror images 
of each other, but since ring flipping between them is rapid the compound is a 
non-resolvable (+)-pair. 

The 9-methyldecalin system occurs in many natural products (e.g. cholesterol). 
It differs from the decalin system in that the difference in stabilities between the 
cis and trans forms is smaller, as a result of the fact that in the trans compound 
(89) the methyl group is sterically compressed by four hydrogen atoms and in the 
cis compound (90) by only two. Depending on the presence of other groups in 
substituted decalins, either the cis or the trans isomer may be the more stable. 


H CH; H CH, oH 
Hitt IF 


(89) (90) 


Polycyclic systems composed of fused six-membered rings also occur commonly, 
particularly the perhydrophenanthrene system. Perhydrophenanthrene itself exists 
in ten stereoisomeric forms (four enantiomeric pairs and two meso isomers); the 
most stable isomer (trans-anti-trans) and the least stable (trans-syn-trans, in which 
the central ring is in the boat conformation) are shown.* 


H H 
H H 
) H 
H 
H H 
trans-anti-trans trans-syn-trans 
(91) (92) 


(c) Bridged rings 


A bridged ring system is one in which adjacent rings have more than two atoms in 
common. Many such systems occur naturally: examples are derivatives of bornane 
(93) in terpenes, and tropane (94) in alkaloids. 


* The prefixes cis and trans are used to denote the stereochemistry at the bonds of fusion between 
rings, and syn and anti refer to the orientation of the terminal rings with respect to each other. 
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Many other bridged-ring systems have been synthesized, among them, nor- 
bornadiene, nortricyclane, ‘Dewar benzene’ (bicyclo[2.2.0]hexadiene), barrelene 
(bicyclo[2.2.2]octatriene), cubane, and adamantane. With the exception of the 
last, each is strained in some degree and ‘Dewar benzene’ is particularly unstable, 
but in adamantane the four rings each adopt the strainless chair conformation and 
the compound is the most stable isomer of molecular formula C;oH;¢. Urotropin 
(hexamethylenetetramine) (p. 307) is a heterocyclic analogue of adamantane in 
which nitrogen atoms replace CH at the four bridgeheads. 


Ap td 


norbomadiene nortricyclane ‘Dewar benzene’ 
(95) (96) (97) 
~ -, 
barrelene cubane adamantane 
(98) (99) (100) 


Reactivity is related to stereochemistry in two ways. First, many reactions have 
specific requirements for the relative positions of the atoms or groups that are 
involved. For example, in E2 eliminations the four atoms involved need to attain 
a coplanar relationship and preferably one in which the eliminated groups are anti 
(the so-called antiperiplanar arrangement, p. 97). Second, the steric requirements 
of non-reacting groups help to determine reactivity; for example, Sy2 displace- 
ments on neopenty! bromide, (CH3);C—-CHy Br, occur very slowly because the 
three methyl groups hinder the approach of the nucleophile (p. 106). These 
characteristics are termed respectively stereoelectronic and steric factors. 

Two levels of stereochemical control can be recognized. A reaction may 
be stereospecific, that is, stereoisomerically different starting materials give 
stereoisomerically different products, or it may be stereoselective, that is, of two 
or more possible stereoisomeric products, one is formed in predominance. 


5.3 
Stereochemistry 
and reactivity 
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The stereochemical factors controlling reactivity and the stereospecificity and 
stereoselectivity of reactions will be discussed with respect first to acyclic and then 
to cyclic compounds. 


(a) Acyclic compounds 


(i) Sy2 reactions. These are stereospecific, involving inversion of configuration 
at the reaction centre: 


R R 
“ \ x7 
Nu —> C—xX —_— Nu—C,,, 
R' 7 \ “R' 
R" R" 


If inversion of configuration is impossible, Sy2 displacements do not occur, e.g. 


(102) is inert to hydroxide ion 
oa 


(102) 
Sn2 reactions are also susceptible to steric hindrance (p. 105). 
(ii) Syl reactions. Unlike their bimolecular analogues, Syl reactions are not 


stereospecific. This is because the intermediate carbocation is coplanar and can be 
attacked from both sides to give a mixture of the two possible products: 


R 
a 
Y Kite R' 
R " 
R a 6 " 
ey ae 
R’ at X — Y = 3 + Y 
R" P= 
R ; R 
R' a Y 
R" 


In practice, the product usually contains more of the enantiomer in which the 
original configuration has been inverted (p. 110). 


(iii) E2 eliminations. The stereoelectronic requirement is that the four atoms 
that take part in the elimination should be able to attain a coplanar arrangement. 
Of the two possibilities (syn and anti), elimination occurs much more rapidly in 
the antiperiplanar conformation: 
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Consider the elimination of hydrogen bromide, induced by hydroxide ion, from 
the diastereomers of PhCHBr—CHPhCH. Reaction occurs through the anti 
conformations (103) and (104) respectively, with the result that the former dias- 
tereomer gives specifically (E)-alkene and the latter gives specifically (Z)-alkene: 


H H Ph 
- H Ph 
OH 
ky ee ae 
Ph* “CH, 3 
(103) 
a H 
OH Ph~—-H 
on J 
Ke ar 
Ph~ ~CH, 3 
(104) 


Similarly, the elimination of bromine, induced by iodide ton, gives specifically 
trans-2-butene from meso-2,3-dibromobutane and specifically cis-2-butene from 
both (R,R)- and (S,S)-2,3-dibromobutane: 


CH, 


H 
Br i H CH; 
-Bro Cc Hg ew a 


H 


CH, H ae CHg . eo 
ig I 3 
or —_ 
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CH3 H H CH, 


In addition to the fact that each of the above reactions is stereospecific, the rate 
of formation of the trans product is greater in each case than that of the cis 
product. This is because the repulsive forces between the nearby aromatic rings or 
methyl groups which are present in the cis isomers, and serve to make them less 
stable than the trans isomers, are present in some degree in the transition states in 
which the cis products are being developed. 

When the anti conformation cannot be attained for geometrical reasons or 
when it would be very sterically congested, a slower syn elimination occurs. This 
is most commonly encountered with elimination from quaternary ammonium 
ions. 

These are examples of stereospecificity in elimination reactions; there are also 
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situations in which a particular compound reacts stereoselectively to give a pre- 
dominance of one of two or more products. For example, the base-induced 
elimination of hydrogen chloride from 1,2-diphenyl-1-chloroethane can occur 
through each of two anti conformations to give cis- and trans-stilbene respectively, 
the latter in predominance: 


Ald H 
- Ph 
Cl on Ph i a 
Ph H 
| 
ha H 
OH” Ph H 
Kh ee 
H Ph 


A priori, either or both of two factors might be responsible for the pre- 
ponderance of the trans isomer: the conformation of the reactant leading to the 
major product might be more heavily populated than that leading to the minor 
product and the transition state for the formation of the major product might be 
of lower energy than that leading to the minor product. Now, the activation 
energy of the elimination is large compared with the rotational energy barrier 
which separates the two significant conformations and, in these conditions, a 
general proposition — the Curtin-Hammett principle ~— applies: the relative pro- 
portions of the products are not determined by the relative populations of the 
ground state conformations but depend only on the relative energies of the 
transition states of the various processes. In the present example, trans-stilbene 
predominates over cis-stilbene because the transition state which leads to it is of 
lower energy; this in turn follows because of the repulsive forces between the two 
aromatic rings in the transition state leading to cis-stilbene (see above). 

The basis of the Curtin-Hammett principle is as follows. Suppose the two 
conformers, A and B, have free energies G, and G; and the transition states for 
the formation of the products from each have free energies G,* and G,* (Figure 
5.2). The ratio of the products, P, and P2, is equal to the ratio of their rates of 
formation, i.e. [P,]/[P2] = (dP,/dt)(dP2/dt) = k\[A][X)/k2[ BX] = ky[A]}/k2[B] 
(where [X] symbolizes the concentration of all other species in the rate equation). 
From transition-state theory (p. 58), 


k= (kT Ihe 8@VRT and k2 = (kTIh)e~ 92" RT 


where AG,* = G,* — G, and AG,” = G,* — G>. In addition, the conformers A 
and B are in equilibrium, i.e. [BJA] = K = e~4@/87 where AG = G, — G). It 
follows that 
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Figure 5.2 Energies of reactants and transition states. 
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which is dependent only on the difference in free energies of the two transition 
states. 


(iv) Pyrolytic eliminations. Certain eliminations which occur on heating, and 
without the need for an added reagent, take place through cyclic transition states 
in which the eliminated groups are syn (p. 296), e.g. xanthate pyrolysis: 


R 


R 
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£C 0% 
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(v) El elimination. Unlike E2 eliminations, E1 eliminations are not stereo- 
specific. Essentially, this is because the intermediate carbocation can undergo ro- 
tation about the bonds to the tervalent carbon atom before a proton is eliminated 
(however, more subtle factors are involved in determining the precise ratios of the 


possible products), e.g. 
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(vi) Electrophilic addition to alkenes. This has been described in detail (p. 85). 
In summary, anti addition occurs exclusively when the electrophile forms a 
strongly bridged intermediate cation (RSCI, RSeCl), and also when it forms a less 
strongly bridged cation provided that there is no aryl-conjugated substituent 
(Br2, Cl,). Anti addition predominates in the addition of hydrogen halides to 
alkenes with no aryl substituent, whereas syn addition is predominant with aryl- 
conjugated alkenes. 


(vii) Molecular addition to alkenes. A number of additions to alkenes occur in 
a concerted manner to give cis products. A typical example is the Diels—Alder 
reaction, €.g. 


H 


C : ies oem 
S FCOzCHg 


CO2CH, 


The full stereochemical details of Diels~Alder addition are described later 
(p. 272). 

Other syn additions to alkenes include hydroxylation by osmium tetroxide 
(p. 591) and by potassium permanganate (p. 592), catalytic hydrogenation 
(p. 633), reduction by diimide (p. 634), and the formation of alcohols via hydro- 
boration (p. 487). 


(viii) Addition to alkynes. Electrophilic addition gives mainly trans-products, 
e.g. 


HOC Br HOC CO3H 
on Br. 2 2! 2 
HO,.C—== CO3H fe ={ ¢ =e 
Br CO2H Br Br 
70% 30% 


Nucleophilic addition also occurs in the anti manner, e.g. 
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Catalytic hydrogenation gives mainly the cis alkene (p. 639), whereas chemical 
reduction with sodium in liquid ammonia gives mainly the trans alkene (p. 639), 
as does the reduction of a-acetylenic alcohols by lithium aluminium hydride 
(p. 640). 


(ix) Addition to carbonyl groups. Addition of a symmetric reagent to the 
carbonyl group of an optically inactive aldehyde or ketone necessarily occurs with 
neither stereospecificity nor stereoselectivity (p. 145). If, however, the carbonyl 
group is part of a stereosystem, addition can occur with some degree of selectivity 
to give a predominance of one diastereomer (p. 150). 


(x) Intramolecular rearrangements. Rearrangements of electrophilic type (sec- 
tion 14.1) display, in appropriate cases, three stereochemical properties: the 
migrating group retains its configuration, there is inversion of configuration at the 
migration origin, and there is also inversion of configuration at the migration 
terminus. 

The first property is shown in those reactions in which an asymmetric alkyl 
group migrates, as in the following Hofmann rearrangement (p. 442): 


H R' H R’ H R' H R' 
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Manifestation of the second property is rare; an example is on p. 433. The 
third property is shown in reactions of the pinacol type (p. 434), e.g. 


Ph _ inversion has 


pis H a occurred here 
NH Ph 
Ph ‘OH A ie) 
(106) 


(xi) Neighbouring-group participation. Participation by neighbouring groups 
can result not only in an enhancement of the rate of a reaction (p. 111) but also in 
the alteration of the normal stereochemical course. This is particularly significant 
in substitutions; the following are examples. 

(1) The optically active 3-bromo-2-butanol (107) reacts with hydrogen bromide 
to give (+)-2,3-dibromobutane, whereas the diastereomeric (108) gives meso-2,3- 
dibromobutane. If reaction occurred through ‘open’ carbocations, each compound 
would give a mixture of (+) and meso products; however, the neighbouring 


166 PRINCIPLES OF ORGANIC SYNTHESIS 


bromine atom fixes the stereochemistry of the intermediate ion, as shown, in a 
way similar to that in which the anti addition of bromine to alkenes is controlled 


(p. 85). 
H 
Br CHg 
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(108) r meso-product 


(2) The phenyl group participates similarly in the solvolysis of the dias- 
tereomeric toluene-p-sulfonates (109) and (110) in acetic acid: 


ph H. -CHs 
Ce 


H” “CH, 
HCH 
Cots 
Pee Ph 
(109) : zh 
OAc 


(3) The carboxylate group in the a-bromopropionate ion (111) directs the 
stereochemistry of the unimolecular solvolysis below by preventing the attack of 
solvent from the side opposite to the departing bromide ion, with the result that 
the configuration of the asymmetric carbon atom is retained: 
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(b) Cyclic compounds 


With the exception of the final section, the following discussion concerns only 
cyclohexane systems. This is because the six-membered ring system is the most 
widely occurring in nature and has been investigated the most extensively. It 
should, however, be clear that many of the propositions apply in a general sense 
to other ring systems. 


(4) Equilibria. Monosubstituted cyclohexanes exist as equilibrium systems in 
which axially and equatorially substituted compounds interconvert rapidly through 
the flipping of the ring, although one or other of the conformational isomers 
usually predominates (p. 154). However, disubstituted and more complex cyclo- 
hexanes can exist in stereoisomeric forms which are not normally interconvertible, 
whether or not the ring is able to flip. For example, cis- and trans-menthane exist 
aS separate compounds even though ring flipping occurs in each; and cis- and 
trans-decalin exist as separate compounds because ring flipping cannot occur to 
interconvert the two (p. 157). 
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There are, however, structural situations which do allow interconversion of 
such stereoisomers in certain conditions. For example, the incorporation of a 
carbonyl group in menthane gives cis and trans isomers which are interconvertible 
in both acidic and basic conditions: the trans isomer, having both alkyl sub- 
stituents equatorial, predominates. 


CH, 


Interconversion occurs, in acid conditions, through the enol tautomer of the 
ketone (p. 146) and, in basic conditions, through the enolate (p. 146). A second 
example is the interconversion of the decalin derivatives (112) and (113) by the 
action of ethoxide ion; an enolate is again the intermediate. Equilibrium lies to 
the right because (113) has its ester group in the equatorial position. 


EtO™ 
$27 i vo LT 


(112) (113) 


It will be clear from these examples that interconversion of this type can, in 
general, be brought about by the methods suitable for the racemization of 
optically active compounds (p. 146). 

Interconversion can also be brought about if the ring system readily undergoes 
ring opening and ring closure. The best known example is glucose: a-p-glucose 
and f-p-glucose are interconverted fairly rapidly in solution through the open- 
chain tautomer (114). The B form predominates (B:a ~ 2:1) because all the 
substituents are in equatorial positions. 
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OH OH 
O OH 
HO HO 
HO y = HO H 
HO HO 
ie j 
a-D-glucose (114) 

OH 

oO 
= at OH 
HO 
H 

B-D-glucose 


When crystalline a-p-glucose is dissolved in water, the initial rotation of the 
solution, corresponding to [a],7° = 111°, falls gradually to an equilibrium value of 
52.5° (the 8 form has [a],2° = 19°). The phenomenon is known as mutarotation. 


(ii) Substitutions. Equatorially and axially substituted conformational isomers 
normally react at different rates. Which isomer reacts the faster depends on 
whether the steric requirements of the transition state are less or greater than 
those of the reactants. 

The first case is illustrated by the S,y1 solvolysis of cis- and trans-4-t-butyl- 
cyclohexyl toluene-p-sulfonate.* The cis isomer is the less stable, having the ester 
group in the axial conformation, but the transition states differ less in stability 
because the substituent has become somewhat removed from the ring system. The 
situation is that in Figure 5.3, from which it is clear that the activation energy 
should be smailer for the cis compound. In practice, solvolysis of the cis isomer is 
faster by a factor of about 3 and is described as being sterically assisted. 


3 - 
OTs 
OTs : 
; 5+ 
But — Bu! Sey as | 
transition state 


* The large size of the t-butyl group results in the conformational isomer in which the group ts axial 
being of such high energy content relative to that in which it is equatorial that the latter isomer 
constitutes essentially 100% of the material. The discussion would, of course, apply to other systems 
of this sort or ones in which the conformation was rigidly held, such as the frans-decalin system. 
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Figure 5.3 Energies of reactants and transition states. 


Free energy (kJ mol~!) —= 


The second case is illustrated by the hydrolysis of the cis and trans esters (115) 
and (116). Here, the cis compound is again the less stable, but the difference in 
stabilities of the transition states is greater than that of the reactants because the 
addition of hydroxide ion further increases the molecular crowding. Consequently 
the trans isomer reacts the more rapidly, by a factor of about 20. 

These two cases are examples of the more general proposition that, if passage 
to the transition state is associated with a decrease in steric crowding, the axial 


o 
re HO. OEt 
2 
ae 
wv LJ : But 


(116) 


substituent will react faster, whereas if it is associated with an increase in crowd- 
ing, the equatorial substituent will react faster. 


(iii) E2 eliminations. The stereoelectronic requirement is a periplanar arrange- 
ment, preferably anti, of the atoms involved. This requirement can affect both 
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rates and products. For example, neomenthyl chloride undergoes base-catalyzed 
dehydrochlorination readily, giving the expected 3-menthene (Saytzeff rule, p. 
97); reaction occurs through the favoured conformation in which both alkyl 
groups are equatorial. The diastereomeric menthyl chloride, on the other hand, 
reacts at only one-twohundredth the rate and gives 2-menthene; elimination 
occurs through the unfavourable conformation in which all three substituents are 
axial and in which the proton for Saytzeff elimination is not in the necessary anti 
position: 


H 
Pri 
Pri nae 
CH, cae 
Cc 
neomenthyl chloride 3-menthene 
CH, 
Cl 
Pri 
GL on, Sarg a 
Pri H 
menthyl chloride 
CH; 
—_ Pr 
CH, 
Pri 
2-menthene 


It can be readily appreciated why B-hexachlorocyclohexane undergoes dehydro- 
chlorination more slowly (by several powers of ten) than any of its diastereomers. 
fe) 


Cl 
Cl Cl 0 


Cl 
B-hexachlorocyclohexane 


When the achievement of the periplanar conformation is impossible, rearrange- 
ment may precede elimination, e.g. 


CH; 
H ey Sead eres dehydrating agent 


(Note that the requirement of such eliminations — inversion at the migration 
terminus — is met, p. 165). 
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via + 
HO — 
CH, 


(iv) Fragmentations. 1,3-Disubstituted cyclohexanes which possess a hydroxyl 
substituent and a good leaving group such as toluene-p-sulfonate undergo base- 
induced fragmentation, providing that the leaving group can attain the equatorial 


position: 
Bin OAS Ss 
R Q ‘ 


That is, the stereoelectronic requirement is that the leaving group and the C—C 
bond which breaks should be in the anti conformation. 
Use can be made of this reaction in the formation of trans-cyclodecane 


derivatives: 
OTs 
S (CHg)3CO™ ee 
re) 


( 


(o} 


H 


(v) Electrophilic addition to alkenes. Additions which occur via bridged ions to 
give anti products (p. 83) form diaxial compounds which, if ring flipping is 
possible, can convert predominantly into the di-equatorial products, e.g. 


Br 
ou ee, LT = xYo\ 
Br 
Br 


(ring flipping possible) 


CH, Br CH3 


2zty ao 


Br 


(ring flipping not possible) 
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(vi) Intramolecular reactions. The stereoelectronic requirement — the anti con- 
formation - can lead to different behaviour by diastereomers. For example, 
treatment of trans-2-aminocyclohexanol with nitrous acid gives only cyclopentane- 
carboxaldehyde, by rearrangement: 


ote HNO? oNSn [)-cto 


However, the cis isomer gives a mixture of the ring-contracted aldehyde and 
cyclohexanone. In this case, alternative anti conformations are available for re- 
arrangement, one involving ring contraction and the other hydride migration: 


oy 
“lr HNOz Los [_)—ctio 
OH . 


H 
ey. == SS. =O 
HO Nu (0 > 0 
; Hi 
N 


A slightly different situation holds for cis- and trans-2-chlorocyclohexanol. The 
oxyanion formed by the trans isomer with base is suitably sited to displace 
chloride ion intramolecularly by back-side attack; reaction occurs rapidly to give 
the epoxide. The cis isomer cannot achieve the necessary conformation for 
displacement and instead a slower reaction occurs in which a hydride ion migrates 
to give cyclohexanone: 


Cl 


> aks fast 
Jeo = a, = 


ci? 


Just as epoxides are formed from diaxial chloro-alcohols as in the example 
above, so also they yield diaxial products on ring opening: a nucleophile attacks 
from the opposite side to the quasi-equatorial bond from carbon to oxygen, e.g. 
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7 CH, CH, 
OH OH 


oP) we) 


(vii) Cyclohexanone and related compounds. Cyclohexanone reacts with boro- 
hydride ion to give cyclohexanol faster than cyclopentanone. This is because 
cyclohexanone possesses torsional strain, owing to the eclipsing of its oxygen 
atom by two adjacent hydrogens, which is relieved in passage to saturated 
derivatives, whereas the torsional strain in the five-membered system is increased 
in passage to saturated derivatives. 


H 0 
BHS " faster than 
Lf : 
H 


Conversely, cyclohexyl derivatives are less reactive in Sy1 and Sy2 reactions 
than their cyclopentyl analogues, for passage to the transition state in the former 
case is accompanied by an increase in strain and in the latter by a decrease, e.g. 


H 
H HH 
OTs Sui = slower than 
H “TsO” H 
H ie LoD 
H H 
H 
mH H, H 
Sni 
al TsO” 
H OTs 
H H 


In general, if steric strains are greater in an sp?-hybridized system than in the 
corresponding sp?-hybridized system, reactions of the sp? > sp° type, such as 
additions to carbonyl groups, are facilitated and those of sp* —» sp” type, such as 
solvolyses, are retarded. The converse holds if steric strains are smaller in the sp?- 
than in the sp?-hybridized system. 

There is a further aspect to the addition of nucleophiles to cyclohexanones: the 
nucleophile can approach from either the axial or the equatorial direction, the 
carbonyl oxygen moving into an equatorial or axial position, respectively. Axial 


STEREOCHEMISTRY —=—-175 


approach is generally favoured* but is the more sterically hindered by the hydro- 
gen atoms or other substituents on C-3 or C-5. Which route predominates depends 
on the balance between the two effects; for example, with 4-t-butylcyclohexanone 
(which exists essentially entirely with the t-butyl group equatorial, p. 169), axial 
approach dominates with a small nucleophile such as lithium aluminium hydride 
(p. 653) but equatorial approach dominates with Grignard reagents (p. 192). 


OH 
oO 
1) LiAIH, Tey IS aa But 
oa oro BY 
major minor 
OH Et 
fe) 1) EtMgBr pt 
_—_——_—, OH 
rh 2) H20 Bul Et Bu! 
major minor 


1. In what stereoisomeric forms would you expect the following compounds to Problems 
exist? 


(@ «SRE (b) (CHs),C=C=C=C(CHs)2 


(c)  (CoHs)(CHg)C=C=C(CH3)(CoHs) (d) — PhCH(OH)——==—CH(OH)CH, 


(e) (f) Ph COH 

on <0 lel 

(g) mn 0 (h) Sch, 
onto CH;~ ~N 


(i) (j) CHg CH, 


OO 4-3 


* The reason is not certain. One suggestion is that, when the reagent approaches from the equatorial 
direction, the C—O bond, which in cyclohexanone is not quite eclipsed by the C,—H and C,—H 
bonds, has to pass through a fully eclipsed position on its way to the transition state (i.¢c. as it moves 
into the axial position): torsional strain is thereby generated. 
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k 0 ( 2 
(k) 7 i) 66% H 


cl 
O 


2. Draw Newman projection diagrams of the following structures, which are 
shown as Fischer projections. Which compound is optically inactive? 


CH OH H 
H——OH CHs—}—H CH3;—+--OH 
HO—}—H H——OH H-——-OH 
CH, CH CH, 


3. Which of the following pairs of diastereomers are epimers, and which of the 
pairs of epimers could be readily interconverted? 


(a) CHO CHO 
H OH HO H 
HO: H ae HO: H 
H—+—-OH H-+-OH 
HOH H—+-OH 
CH,OH CH,OH 
(b) CHO CHO 
HOH HO—~H 
H—-OH and H--+-OH 
H+-OH HO--+H 
CH,OH CH,OH 
(c) CH, 


(d) C 
o LJ Osan o LT 


4. What products would you expect from the following reactions? 
(i) The dehydration of 1,1,3-triphenyl-3-p-chlorophenylpropan-2-ol. 
(ii) The treatment of (I) with (2) OH™ and (6) HBr. 


CH 
H Br 
H OH 


Ch; 
(!) 


(iii) 
(iv) 
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The elimination of bromine from meso-1,2-dibromo-1,2-diphenyl- 
ethane by treatment with iodide ion. 

The treatment of CH3CHXCH,CH; with base, (a) when X = Cl, (b) 
when X = NMe;3. 


5. Account for the following: 


(‘) 


(ii) 
(iii) 
(iv) 
(v) 


When an optically active sample of 2-iodobutane is treated with 
radioactive iodide ion in solution, the initial rate of racemization is 
twice the initial rate of uptake of radioactivity. 
(R)-a-Bromopropionic acid gives (S)-lactic acid with very concen- 
trated alkali, but (R)-lactic acid with dilute alkali. 

(R)-2-Butyl acetate is hydrolyzed in basic conditions to give (R)-2- 
buty! alcohol; the alcohol, with hydrochloric acid, gives a mixture of 
(R)- and (S)-2-butyl chloride. 

The base-induced elimination of hydrogen chloride occurs more 
rapidly from cis- than from trans-1-chloro-4-methylcyclohexane. 
Whereas the diequatorial and diaxial conformations of trans-1,2- 
dimethylcyclohexane occur in the ratio of about 99:1 at room 
temperature, those of trans-1,2-dibromocyclohexane occur in about 
equal amounts. 
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Introduction to Part Il 


Whereas Part I was concerned with the principles of organic reactions, Part II is 
concerned with their practice; the structure of each chapter, with the exception of 
the last, is designed to answer the question, ‘How may one go about constructing 
a particular type of bond in a given environment?’. Experimental details are not 
included, but many of the general reactions described are illustrated by examples 
taken from Organic Syntheses, Collective Volumes 1-7. These describe carefully 
tested experimental procedures and are referred to by inclusion in the text of the 
appropriate collective volume number in square brackets. 

It will have become apparent from the earlier chapters that, in a large number 
of instances, the construction of a bond necessitates the generation, from a 
relatively stable compound, of a reactive species which is able to form a bond with 
a second compound. Chapters 6—8, each of which is concerned with the synthesis 
of aliphatic carbon-carbon bonds, all illustrate this principle. In the first of the 
three chapters the method adopted is to bond one of the two carbon atoms to a 
metal; then, because of the electropositive character of metals, the carbon atom is 
negatively polarized and able to react with a second carbon atom which is 
attached to an electronegative group and is therefore positively polarized. In the 
second of the chapters the method involves the use of basic media in order to 
generate a carbanion from a C—H-containing group of a suitable type. This, like 
the negatively polarized carbon in a C—metal bond, reacts with a carbon atom 
which is in an electronegative environment. In the last of the three chapters the 
opposite approach is adopted: acidic conditions are used to generate a carbocation 
which then reacts with a carbon atom which is in a relatively electron-rich 
environment. 

A different principle is employed in chapter 9. Here, two molecules are brought 
together in such a way that two new bonds are formed in a concerted manner, to 
give a cyclic product; variants of this method include intramolecular cyclization 
and rearrangement. In most, but not all, cases new carbon-carbon bonds are 
formed. 

The methods for forming aliphatic carbon—nitrogen bonds (chapter 10) are re- 
lated to the methods of chapters 7 and 8 for forming carbon-carbon bonds. One 
approach, the more widely applicable, employs a species containing a nucleophilic 
nitrogen atom to form a bond to an electronegatively substituted carbon atom; 
the other involves the generation of a positively charged nitrogen species which 
reacts at an electron-rich carbon atom. 
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The stability of aromatic nuclei necessitates the use of certain different methods 
for bonding to aromatic carbon compared with those appropriate in the aliphatic 
series. In general, reagents of both electrophilic and nucleophilic type are em- 
ployed, the former class being of wider applicability; they are described in chapters 
11 and 12, respectively. Aromatic chemistry is completed by a survey of the 
reactions of diazonium ions (chapter 13): amino substituents may be replaced, via 
diazotization, by a wide variety of other groupings. Since the amino group can 
usually be introduced readily into aromatic rings through nitration followed by 
reduction, these reactions are of considerable use. 

Intramolecular rearrangements (chapter 14), in which the skeleton of a mol- 
ecule is transformed by the migration of a group to an adjacent atom, are 
characteristic of a large number of structural situations. Many, especially those 
which involve electron-deficient intermediates, may be usefully employed in syn- 
thesis; it is perhaps equally necessary to recognize the need, when planning a 
synthesis, to guard against the possibility that an intermediate will be formed 
which will undergo an unwanted rearrangement. 

Reagents in which the key atom is phosphorus, sulfur, silicon, or boron provide 
a relatively recent addition to the synthetic chemist’s armoury. They are now 
recognized as of major importance for their versatility and, in several cases, for 
their specificity. They are grouped together in chapter 15. 

As well as carbocations and carbanions, two other classes of highly reactive 
carbon-containing species provide the basis for a variety of synthetic methods. 
One comprises electronically excited molecules, which can be formed by the 
ultraviolet or visible irradiation of unsaturated or aromatic compounds. These 
take part in a diversity of reactions and find especial use in the construction of 
complex cyclic compounds, often of a very strained kind (chapter 16). The other 
class are free carbon radicals. These can be generated in several ways and 
are capable of reacting with a number of organic groupings. Although their 
reactions are less commonly employed in synthesis than those of carbocations 
and carbanions, largely because free radicals are far less selective entities, there 
is nevertheless a diversity of processes in which they are usefully engaged 
(chapter 17). 

The reactions of complexes in which a transition metal is bound to one or 
more organic ligands are now being recognized for their considerable synthetic 
potential. The usefulness of seven transition metals is described in chapter 18 and 
it is likely that this will be one of the most active areas of development over the 
next few years. 

Almost any multi-stage synthesis involves steps in which the oxidation or the 
reduction of particular groups is required, and there have been greater recent 
advances in the control of these than of any other fundamental processes. In 
particular, highly selective methods have been developed which make it possible 
to oxidize (or reduce) at a required position in a molecule without affecting other 
oxidizable (or reducible) groups (chapters 19 and 20). 

The construction of heterocyclic systems (chapter 21) utilizes only those re- 
actions which have already been discussed. The subject is, however, suitably 


INTRODUCTION TO PART Il 


treated separately for two reasons: first, ring-closure reactions which lead to five- 
or six-membered rings occur in milder conditions than analogous reactions in 
acyclic chemistry; second, mechanistically complex processes which might, in 
acyclic chemistry, give correspondingly complex mixtures frequently give par- 
ticular aromatic heterocycles essentially specifically, the driving force being the 
development of the associated aromatic stabilization energy. 

The final chapter describes and discusses the syntheses of a number of interesting 
naturally occurring compounds. These have been chosen, above all, as illustrating 
the fine control which can now be exercised in complex synthetic operations as a 
result of our understanding of the electronic and stereoelectronic principles of 
organic chemistry. It is to be hoped that students will not attempt to learn these 
syntheses; their planning and their individual stages are dissected in such a 
manner that the student should both develop some insight into the planning of 
such syntheses and appreciate their artistic and scientific aspects. 
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6.1 
Principles 


Formation of carbon— 
carbon bonds: 
organometallic reagents 


All the non-metallic elements to which carbon is commonly bonded are more 
electronegative than carbon. As a consequence, the carbon atom is positively 
polarized and, if the atom or group attached to it has a marked capacity for 
accepting an electron-pair, the carbon is susceptible to attack by nucleophiles, 


e.g. 


HO" *CHyL1 = =—»=  HO-CH, + | 
CH CH, 


3. 7 
HN: 0 0 OHNO 
CH CH 


Conversely, carbon bonded to an electropositive element — a metal — is nega- 
tively polarized and, because a metal can release a bonding electron-pair to form 
a cation, the carbon atom is susceptible to attack by electrophiles. The counter- 
parts to the nucleophilic reactions above are: 


cH, “CHs-M —=  CHy-CHy + Mt + | 


CH CH 

a fis : 3 

OX CHM —- “O-€CH, + mt 
CH, CH, 


where M is a monovalent metal and methyl iodide and acetone are regarded as 
electrophilic reagents attacking the negatively polarized carbon in CH,—M. 
Organometallic compounds are enormously versatile reagents.* Their reactivity 
depends on the nature of the metal atom, there being a steady decrease in 
reactivity with decrease in the electropositive character of the metal and, by 
appropriate choice of the metal, a wide range of syntheses may be carried 


*The term organometallic compound is here used in the restricted sense of describing compounds 
which contain a carbon—metal bond. 
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out. This, together with the ease with which organometallic compounds can be 
obtained, gives the reagents extensive applications. 


(a) Preparation 


The following are the general methods of preparation of organometallic com- 
pounds. They are discussed in more detail in the later sections concerned with 
individual metals, together with their limitations and the methods of choice in 
particular instances. 


(1) From metals and organic halides. The simplest method of preparation is by 
treatment of the metal with an organic halide in an unreactive solvent, e.g. 


R-Br + 2h —_— R-Li +  LiBr 


(2) Metal-halogen exchange. The exchange reaction between an organometallic 
compound and an organic halide, e.g. 


R-Br + Rl = R-li + R—-Br 


is an equilibrium which favours the organometallic compound in which the metal 
is attached to the more electronegative carbon.* For example, since aromatic (sp?) 
carbon is more electronegative than aliphatic (sp*) carbon, aryl-metal compounds 
can be prepared from alkyl-metal compounds, e.g. 


Ph-Br + ®Bu-lLi =~ Ph-li + Bu-Br 


(3) Metal-metal exchange. Organometallic compounds react with metallic salts 
by interchanging metals. The equilibrium favours formation of the organometallic 
compound which contains the less electropositive metal, e.g. 


2R-Li + CdCl =~ RCd + 2 LiCl 


(4) Metallation of hydrocarbons. AC-——H bond which is significantly acidic (i.e. 
which gives rise to a reasonably stable carbanion) reacts with an organometallic 
reagent in which the carbon is less electronegative to give the corresponding C- 
metal derivative, e.g. 


H—==—H + CoHsMgBr ae H—==~—MgBr + CoH, 


(b) Structure and reactivity 


The organic compounds of sodium and potassium are salt-like compounds which 
are insoluble in non-polar solvents. Those of less electropositive elements such as 


* The following is a simple way of understanding this. The carbon—metal bond has considerable ionic 
character and may be represented as a hybrid of structures such as CH;-—Li (purely covalent) and 
CH;” Li* (purely ionic). The more electronegative the carbon, the more important the ionic structure 
is and the more strongly bonded is the compound. 
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6.2 
Organo- 
magnesium 
compounds 
(Grignard 
reagents) 


magnesium are essentially covalent and are soluble in, for example diethyl ether. 
There is, however, no sharp distinction between the two groups and it is possible 
to classify C—metal bonds according to their percentage ionic character. Values 
for the commoner bonds are as follows: 


Metal K Na Li Mg Cd 
% Ionic character 51 47 43 35 15 


The reactivity of organometallics can be correlated with their ionic character. 
Compounds of sodium and potassium are by far the most reactive, for example 
they are spontaneously inflammable in air, whereas organomagnesium compounds 
react with oxygen but far less vigorously. Lithium compounds are more reactive 
than magnesium compounds, e.g. unlike the latter, they react with carboxylate 
ions (p. 199); and cadmium compounds are less reactive than magnesium com- 
pounds, e.g. they do not react with ketones. 


Organomagnesium compounds, known as Grignard reagents after their discoverer, 
are prepared and used in solution in an ether, in which they exist as co-ordination 
complexes and dimers, e.g. 


OEt, Br 
Br..,, o EO. 4 Swo 
R7 R™ \,/ OEt, 
OEt, 


(a) Preparation 


The standard method for the preparation of a Grignard reagent is the reaction of 
an organic halide in dry diethyl ether with magnesium metal (as turnings, granules 
or powder). The reagents are not isolated from solution but are used directly for 
the required synthesis. 


RX + Mg  —= — RMgX 


The group R may be alkyl, aryl, or alkenyl, although alkenyl halides require 
special conditions. Amongst the halides, the order of reactivity is I > Br > Cl >> 
F; organomagnesium fluorides have not been prepared. The choice amongst 
chloride, bromide, and iodide is based on the accessibility of the halide and in 
general chlorides are used because they are cheaper to obtain. Since methyl 
chloride and methyl bromide are gases at room temperature, methyl iodide (b.p. 
43°C) is generally used to make the methyl Grignard and likewise ethyl bromide 
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is preferred to ethyl chloride for the ethyl Grignard. Grignard reagents will be 
referred to in this discussion as RMgX, where the nature of X is unspecified. 

Alkyl! and aryl halides, except aryl chlorides, normally react readily with mag- 
nesium in diethyl ether solution provided that water is rigorously excluded; aryl 
chlorides react in tetrahydrofuran. The magnesium is covered with a solution in 
diethyl ether of about 10% of the halide to be used, the exothermic reaction is 
normally initiated by stirring, and the remainder of the halide in ether solution is 
then added at such a rate that the ether is maintained at reflux by the heat 
evolved in the reaction. With some halides it is necessary to add a crystal of 
iodine or a small quantity of another (preformed) Grignard such as methylmag- 
nesium iodide in order to initiate reaction. Grignard reagents react with oxygen, 
and it is helpful, although not usually essential, to exclude air. During the 
formation of the Grignard reagent, air is largely kept out by the blanket of ether 
vapour above the refluxing solution and the reagent is usually used straightaway. 

Allyl halides react readily in diethyl ether, but since they also react readily with 
Grignard reagents (p. 190) it is important to keep the concentration of the halide 
to a minimum in the presence of the Grignard reagent. This is done by the slow 
addition of a dilute solution of the halide to a large excess of a vigorously stirred 
suspension of magnesium in ether. 

Vinyl halides do not react in diethyl ether but do so in tetrahydrofuran. 
Reaction requires longer times and higher temperatures than with alkyl or aryl 
halides, e.g. 


Mg / THF a 
a 9 hours at 50 °C 7 “MgCl 


Grignard reagents are also frequently prepared by the metallation procedure 
(p. 185), using a preformed Grignard reagent. The method is only suitable when 
the atom attached to magnesium in the compound to be prepared is markedly 
more electronegative than that in the preformed Grignard compound so that the 
equilibrium, 


RH + RMgX -== RMgX + RH 


lies well to the right. Alkynyl Grignards are normally prepared by this method, 
e.g. 


R—-S=—H + CH3CH.MgBr —= R—S=—MgBr + Cole 


and so are those from other acidic hydrocarbons such as cyclopentadiene, 


CY + CH CHj,MgBr O +  CoHe 
HH 


H MgBr 
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(b) Reactivity 


Grignard reagents react with all organic functional groups except tertiary amines, 
C=C and aromatic double bonds, C=C bonds, and ethers,* and they cannot 
therefore be prepared from compounds containing groupings other than these. 
Therefore while their reactivity is usefully applied in synthesis, it also provides a 
limiting factor. In general, the compounds are of more use in the synthesis of 
small and simple molecules than for polyfunctional molecules, and it is to be 
noted that they are rarely used in the syntheses of complex naturally occurring 
compounds (chapter 22) where highly specific reactions are required. 

A useful working guide to the mode of reaction of Grignard reagents is that the 
direction of reaction is such that the magnesium atom is transferred to a more 
electronegative atom, as in the metallation procedure for their synthesis. All OH- 
and NH-containing compounds react by replacement of hydrogen," e.g. 


ROH + RIMgX = —= RO-MgX + RH 

RoNH + = RIMgX RoN-MgX + R'H 
and in their reactions at carbon centres the magnesium is similarly transferred to 
oxygen or nitrogen when one of these elements is present, e.g. 


R,C=O + RIMgX —»  R,R'C-O-MgX 


(i) Allyl and benzyl Grignard reagents. Ally! Grignard reagents exist in solution 
as mixtures of isomers in rapid equilibrium, e.g. 


MgX 
~oux = As 


However, the major product of the reaction of such a mixture with an electrophile 
is often one which is apparently derived from the minor constituent of the 
mixture. For example, in the above equilibrium the first isomer, containing the 
more highly substituted double bond, is the major component, but the product 
obtained on reaction is usually that corresponding to the minor component. The 
reason is that reaction of the major constituent can result in a shift of the double 
bond, 


e* E 
AE wax — AZ +  MgXx* 


(E* = an electrophilic centre, such as the carbon atom in a carbony! compound) 


* They react with strained cyclic ethers, p. 194. 
*The reaction of a Grignard reagents with heavy water (deuterium oxide) may be used to introduce 
deuterium into organic compounds: 


RMgX + D,0 —= AD + MgX(OD) 
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and this can be aided by the occurrence of the reaction through a six-membered 
cyclic transition state, 


fr ii 
Mg Mg OH 
~ 7 R 
i ie ° ii ce AA 
3 
CH R cH, 


However, if the carbonyl! group is hindered, reaction tends to occur at the less 
substituted carbon atom of the Grignard reagent. 
Benzylic Grignards can also react in this way, e.g. 


Cl Cl 
| i 
M oot 


_Mg 
CH2) {9 are 
OH, on ‘ear a ay 


Even when reaction at the further carbon of the allylic-type Grignard cannot be 
aided by formation of a suitable cyclic transition state, it can still occur, and this 
property is usefully employed in the synthesis of pyrrole and indole derivatives. 
Pyrrole reacts with Grignard reagents at its NH group to give a N—Mg derivative 
which reacts with electrophiles at the 2-carbon atom, e.g. 


(3 me Byh —  Gy.cov me 
H 


> 
ee 
tautomerizes C\. H* ff \ 
‘ N* ~COz MgBrt a Sere 
H H 


The Grignard reagents from indole behave analogously in that reaction occurs at 
the 3-position, as in the synthesis of the plant-growth hormone, heteroauxin 
(indole-3-acetic acid).* 


¢ 


H CHCN 
)-CN 
ee RMgX ga: Maxi, \ 
N “RH N ) N 
Hl MgX 


*The reasons why pyrrole and indole react with electrophiles chiefly at their 2- and 3-positions, 
respectively, are discussed later. 
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CH,CN CH,CO,H 
tautomerizes \ OH” \ 
N N 
H H 
heteroauxin 


(c) Formation of carbon—carbon bonds 


The reactions of Grignard reagents at carbon atoms in various environments are 
classified here with reference to the type of compound which is obtained. 


(i) Hydrocarbons. Grignard reagents react with alkyl halides and related com- 
pounds in the S,2 manner, e.g. 
XMgZRY CHLX = ORECH, +) MQXp 


The reactions with saturated halides are slow and the yields poor, but allyl and 
benzyl halides (which are more reactive than alkyl halides in Sy2 reactions) react 
efficiently, e.g. 


a. a “SS + Mg Bre 
94% 
Alkyl compounds containing better leaving groups than the halides, such as 
alkyl sulfates and sulfonates, react in much higher yields than the alkyl halides. 


For example, propylbenzene is obtained in 70-75% yield from benzyl chloride 
and diethyl sulfate [1], 


Cl 1)Mg 
og CHO. OC Hs eee + —MgCl(OSO20C2Hs) 
2) 


o& ‘o 


pentylbenzene is obtained in 50-60% yield from benzyl chloride and butyl] toluene- 
p-sulfonate [2], 


cl 1) Mg 
os 7 [oe or BS ONO 


OTs 


and isodurene may be prepared in up to 60% yield from mesityl bromide and 
dimethy] sulfate [2]. 


Br CH, 
CH, CH, i CHg CH, 
a : 4 
2 MOO MgBr(OSO,0Me) 


ay 


CH, oo CH, 
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(ii) Alcohols. Grignard reagents react at the carbonyl groups of aldehydes and 
ketones to give the magnesium derivatives of alcohols which are converted into 
alcohols by treatment with acid: 


Ri Ri + R\ 
xm * LS — R-}-0-Max aie p—OH 
R" R" R" 

Formaldehyde (R’ = R” = H) gives primary alcohols, other aldehydes give sec- 
ondary alcohols, and ketones give tertiary alcohols. For example, the Grignard 
reagent from cyclohexyl chloride reacts with formaldehyde to give cyclohexyl- 
methanol in 65% yield [1]: 


MgCi CH,OH 


1) CHO 
ceeecar “saaaliads 
2)H 


When the alcohol is sensitive to acid (e.g. tertiary alcohols, which are readily 
dehydrated) it is advisable to decompose the magnesium salt of the alcohol with 
aqueous ammonium chloride; basic magnesium salts are precipitated and the 
alcohol remains in the ether layer. 


Stereoselectivity. The reaction of a Grignard reagent with a carbonyl group 
can establish a stereocentre. If the reactants are symmetric, equal amounts of the 
two enantiomers are formed, e.g. 


O HO Me Me OH 
te 1) MeMgi Lh 7 4 

Ph7 “Et aH" i Ph~ “et 
1 part 1 part 


since reaction is equally likely on either face of the carbonyl group. However, if 
one of the reactants is itself asymmetric, there is a predominance of one of the 
two possible diastereomers. The results are in accord with Cram’s rule (p. 150): 
for example, 


H Me H Me H Me 
4 a Lt Me + L Me 
Ph CHO 2H Ph ; Ph : 
H OH HO H 
2 parts 1 part 


consistent with the preferred direction of attack: 


IMgMe ve Me 


HOH 
Ph Ph en 
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The stereoselectivity in reactions with cyclohexanones is governed by steric 
hindrance, approach of the reagent being mainly from the equatorial direction 


(p. 175), e.g. 
Et 


é OH 
vee Se ames Et Sh on 
5 ne 2)H* + 


3 parts 1 part 


With an axial substituent at the 3-position, as in 3,3,5-trimethylcyclohexanone, 
the stereoselectivity is more prononounced, e.g. 


OH 
O 
4) EtMgBr Et 
ayH* 


100% 


Limitations. The reactions with aldehydes and ketones usually give good yields 
of alcohols except with ketones which contain bulky groups. For example, di-t- 
butyl ketone does not give tertiary alcohols with Grignard reagents. If the ketone 
contains somewhat less bulky groups but the Grignard reagent contains a branched 
alkyl group, yields are again low, e.g. whereas diisopropyl ketone reacts with 
methylmagnesium bromide to give the tertiary alcohol in 95% yield, 


MeMgBr + ak oe 


ce) HO Me 


it fails to give tertiary alcohols with isopropyl and t-butyl Grignard reagents. 

In these cases one or both of two side reactions take place. If the ketone has at 
least one hydrogen atom on one of its two a-carbon atoms, enolization can occur: 
the Grignard reagent acts as a base rather than as a nucleophile and abstracts an 
activated hydrogen, giving the enolate. Treatment with acid regenerates the 
ketone. 


H 

Ye \R -RH j H" | tautomerizes Bs 
o~ je —- _———— 

aor Mox a7 So Max Ri“ OH R'~So 


If the Grignard reagent contains at least one hydrogen atom on its B-carbon 
atom, reduction can occur by hydride-ion transfer within a six-membered cyclic 
transition state (cf. Meerwein—Ponndorf-Verley reduction, p. 654). 


BIO ae Max LH RL 


RoC.seMgX 
2) So” 
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When each of these structural features is present, enolization and reduction are 
competitive, e.g. diisopropyl ketone and t-butylmagnesium bromide give 35% of 
the enolate and 65% of the secondary alcohol. 


af-Unsaturated ketones. Whereas Grignard reagents react with aB-unsaturated 
aldehydes by addition to C=O, e.g. 


CoHs 
1) CoHsMgxX 
ALSO ae gaat YS OH 


those prepared from normal commercially available magnesium react with af- 
unsaturated ketones both by addition to C=O and by addition to C=C, e.g. 


eee C2Hs CoHs 
1) CoHsMgX pies 
So Sa Oi. ~t 


2)H" 


The latter type of reaction (described as 1,4-addition, reflecting the formation of 
an enolate intermediate, as shown below) competes increasingly effectively with 
addition to C=O (1,2-addition) as the sizes of the substituents at the carbonyl 
groups are increased. 

It used to be thought that 1,4-addition occurred in the same way as in other 
additions of nucleophilic carbon to C=C—-C=O (e.g. Michael reaction, p. 
240), for example, 

Co 


R oO. 
XMg~R * <P —- ma MgX 
ea? an ce an ll ae 


but this is now known not be so: when the magnesium used to prepare the 
Grignard reagent is freed of traces of transition metal impurities such as copper, 
only 1,2-addition occurs. Moreover, 1,4-addition is promoted compared with 1,2- 
addition by the addition of a catalytic quantity of a copper(I) compound such as 
CuBr. Although it is not known for certain how the copper acts, one possibility is 
that it forms an organocuprate with the Grignard reagent; this adds in the 1,4- 
manner to give the same enolate as above, and is regenerated by reaction with 
further Grignard reagent. The mode of 1,4-addition is considered further on 
p. 201. 


Alternative methods for synthesizing alcohols. Acid chlorides react with 
Grignard reagents to give ketones which react further to give tertiary alcohols: 
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an BN as vox i 
XMg—R \ —- R~O'Mgx —MoxCl, \=0 Bhi R-)~OH 
cl cl A an R 


Esters react analogously to acid chlorides, e.g. phenylmagnesium bromide and 
ethyl benzoate give triphenylmethanol in 90% yield [1]: 


+ 
2PhMgBr + PhCO,Et —M9BHOED. = ph c-omgsr t+ Ph,c-OH 


Whereas acyclic ethers and cyclic ethers containing essentially strainless rings 
(e.g. tetrahydrofuran) do not react with Grignard reagents, the strained small-ring 
cyclic ethers do so, for the strain is relieved during ring opening. For example, 
butylmagnesium bromide and ethylene oxide give 1-hexanol in 60% yield [1]: 


1) BuMgBr wr 
W 2)H" a 


Trimethylene oxide reacts similarly. These procedures provide a rapid means of 
extending carbon chains by two and three atoms, respectively. 


(iii) Aldehydes. The reaction of a Grignard reagent with ethyl orthoformate 
gives an acetal which is converted by mild acid hydrolysis into the aldehyde. It is 
believed that the acetal ionizes, aided by magnesium acting as a Lewis acid and by 
the carbocation-stabilizing ability of the two remaining alkoxy groups; reaction of 
this cation with further Grignard reagent gives the acetal: 


R ‘. 
EtO Eto’ ) 
\ “oer Mg  — *H + RMgOEt + X™ 


EtO " 
t+ + RMQX —= — (EtO),CH-R + MgX 


Eto 


For example, 1-bromopentane can be converted into hexanal in up to 50% yield 


[2]. 


(iv) Ketones. Three methods are available. In one, Grignard reagents add to 
the triple bond in nitriles to give magnesium derivatives which are unreactive to 
further addition and on hydrolysis give ketones via the unstable ketimines: 


R + R R 
: Hl #8 
RMgX + R'—=N Y=NMgX - NH -NH3 ‘ O 
R 


Second, NN-disubstituted amides react with Grignard reagents to give mag- 
nesium derivatives which yield ketones with acid: 
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Ri Ri eae 
RMgX + \-0 “<> R-)—OMgx — \=0 + MgXt + R"NH 
R 


RN R"N 


Third, since acid chlorides are more reactive than ketones towards nucleophiles, 
their reactions with Grignard reagents can be used to give ketones provided that 
only one equivalent of Grignard is used and with the THF as solvent at ~—78°C, 


e.g. 


1) Phcoc! C,H Ph 
CeHy,MgBr Rut Aida are 644 
eH ys 9 - - Ie 


93% 


(v) Carboxylic acids. Grignard reagents add to carbon dioxide to give salts of 
carboxylic acids from which the free acids are generated by treatment with 
mineral acid: 


x o> 7 Ht 
fe —- + —— R-CO.H 
XMg—-R ‘ A MgX “Mgx* 2 


(Grignard reagents, unlike organolithium compounds (p. 199) are not sufficiently 
reactive to add to the resonance-stabilized carboxylate ion.) 

Reaction may be carried out either by pouring an ether solution of the Grignard 
reagent on to solid carbon dioxide (‘dry ice’) or by passing gaseous carbon dioxide 
from a cylinder into the Grignard solution. For example, using the latter method 
trimethylacetic acid can be obtained in 70% yield from t-butyl chloride [1]. 


- 
Me,c-c! “9.  Mesc-Mgci SO Me,c-co; Mgcit + MesC-CO,H 


(d) Reaction at elements other than carbon 


Grignard reagents may be used to attach various other elements to carbon. The 
following types of compounds can be obtained. 

(1) Hydroperoxides. The slow addition of a Grignard reagent at low tempera- 
tures to ether through which oxygen is bubbling gives the magnesium derivative of 
a hydroperoxide from which the hydroperoxide is obtained with acid. t-Butyl 
hydroperoxide can be obtained in 90% yield in this way: 


HY Ox 
Me,C-MgX = yeg7Pro-MOX eye“ OH 


(2) Thiols. Reaction with sulfur leads to thiols: 


RMgX + S  —=  R-S-MgX > RSH 
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(3) Sulfinic acids. Sulfur dioxide reacts analogously to carbon dioxide (p. 195): 


we H* Pe 
RMgX + SO. —+ R-S. MgX* ——» R-S 
‘% NY 
ce) 
@ sulphinic acid 


(4) lodides. The reaction with iodine, 


XMg RY 


i“) ORT + Mg! 


provides a useful method for preparing iodides when the standard methods are 
unsuccessful. For example, iodides are commonly prepared from chlorides by 
treatment with sodium iodide in acetone (Sy2 displacement), but this method fails 
for the highly hindered neopentyl chloride (cf. p. 105). However, the Grignard 
reagent may be formed from neopentyl! chloride and it reacts with iodine to give 
neopentyl iodide in good yield: 
Mo 


Me,C~CH,MgC le 


Me3,C-CH,CI “MgCil 


Me3C-CH,I 


(5) Amines. The reagent employed is O-methylhydroxylamine: 


xMg—Aa’ NH»“OCH, = R~-NH> + MgX(OCH3) 


This provides a useful method for t-alkyl amines such as (CH3)3C—iHp, as these 
are not obtainable from Sy2 reactions between t-alkyl halides and ammonia. 
(6) Derivatives of phosphorus, boron, and silicon. 


3RMgX + PCle —= RP + 3MgXCl 
3RMgX + BC —= RB + 3MgXCI 
ARMgX + SiC —"= RySi + 4MgXCl 


In the last case it is possible to isolate the intermediate silanes, RSiCI3, R2SiCl, 
and R,SiCI, by using calculated quantities of the Grignard reagent. 


Organosodium compounds react in the same way as Grignard reagents but far 
more vigorously. In addition, they react with ethers by Sy2 displacement and 
must therefore be prepared in hydrocarbon solvents. Even so, their reaction with 
the halides from which they are prepared ( Wurtz coupling), 


Na-R + R-X = R-R + Nax 


is so much more rapid than that of the corresponding Grignard reagents that 
special techniques are required to obtain them. These difficulties, combined with 
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their spontaneous flammability in air, have restricted the synthetic value of the 
compounds, particularly since the advent of organolithium compounds. 


Organolithium compounds are somewhat less reactive than their sodium analogues 
but more reactive than Grignard reagents. The fact that they undergo some 
reactions of which Grignard reagents are incapable gives them their special uses in 
synthesis. 


(a) Preparation 


Like Grignard reagents, organolithium compounds can often be made by treating 
an organic halide in ether with lithium metal: 


RX + 2Li —— RLi + LiX 


Because of the reactivity of organolithiums with oxygen, the reaction is carried 
out in an atmosphere of dry nitrogen or (better) argon. Organolithium compounds 
are more reactive than Grignard reagents towards alkyl halides and it is ad- 
vantageous to cool the reaction mixture to about —10°C to minimize the extent of 
the Wurtz coupling reaction, 


RL + RX oe R-R + LiX 


However, aryl halides are much less reactive towards nucleophiles and the synthesis 
of aryllithium compounds can be carried out at the boiling point of the solvent. 

Lithium metal does not always react well with aryl and vinyl halides and the 
corresponding lithium compounds are then conveniently prepared by the metal- 
halogen exchange reaction using, e.g. preformed butyllithium: 


RBr + Bui RL + BuBr 


The metallation reaction is suitable for the preparation of the lithium derivatives 
of comparatively acidic hydrocarbons, e.g. 


N7~cH N*>CHbLi 
O + mum — O +. 
H Li 


Many organolithium reagents are now commercially available. 


6.4 
Organolithium 
compounds 
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The reactions of organolithium compounds in the main parallel those of Grignard 
reagents and attention is directed here to those reactions which either only the 
lithium compounds undergo, or in which they are the more effective reagents. 


(1) Lithium compounds are less readily prevented by steric hindrance from 
reacting at carbonyl groups. For example, whereas isopropylmagnesium bromide 
does not add to diisopropyl ketone but brings about enolization and reduction 
(p. 193), isopropyllithium adds successfully: 


Me2CHLi + AK —s Ho 
HO 


(@) Li-O 


(2) Whereas Grignard reagents often react with aB-unsaturated ketones pre- 
dominantly by 1,4-addition (p. 193), lithium compounds react predominantly by 


1,2-addition, e.g. 


Ph O 
Ph Ph 
re) mainly 
pr Arn 
Phen 
ee 
mainly 


(3) Organolithium compounds react more efficiently with alkyl halides and 
Wurtz coupling reactions can be carried out in good yield. An interesting example 
is the synthesis of optically active 9,10-dihydro-3: 4,5: 6-dibenzophenanthrene* 
from optically active 1,1'-binaphthyl-2,2’-dicarboxylic acid: 


CO2H 1) LIAIH,g | CH2Br di 
cicero a 


* This was the first synthesis (1950) of an optically active compound of this type. Repulsion between 
the peri-hydrogen atoms forces the lower left-hand benzenoid ring to lie somewhat above or somewhat 
below the upper left-hand ring, giving the two enantiomers. The molecule thus has a spiral shape. 
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9,10 dihydro-3:4,5.6-dibenzophenanthrene 


(4) Carbon dioxide, which reacts with Grignard reagents to give carboxylic 
acids, reacts with organolithium compounds to give ketones: 


O» Li—R 
LN Ul om R OLi + 


The difference arises from the fact that the lithium compounds are more strongly 
nucleophilic than Grignard reagents and are able to react with the intermediate 
resonance-stabilized carboxylate anion. 

Similarly, carboxylic acids may be converted into ketones: 


; Oo” R Oli + R 

R'Li of ARti H,0 

R-COH "AH a : at 2 LOH a 9 

For example, cyclohexanecarboxylic acid and methyllithium give methyl cyclohexyl 

ketone in up to 94% yield [5]: 

co; Ox UCH; 

1) CH3Li 

2) H30° 


(5) Organolithium compounds, unlike Grignard reagents, react with C==C 
bonds. Primary alkyllithiums and simple alkenes such as ethylene react only at 
high pressures (100-500 atmospheres) and give mixtures of compounds of dif- 
ferent chain lengths, 


(®! = 
utp cHszcH, —e RUA, Sect 


SHEE ate 


RON 
but secondary and tertiary alkyllithiums react efficiently with ethylene at low 
temperatures to give monomeric products, e.g. 

CH, Chg 


-25°C 
CHa A + CH 2=CH, Se CHa ALA, 


Higher temperatures are required with other alkenes and secondary or tertiary 
alkyllithiums and further reactions render these processes of little use, but con- 
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6.5 
Organocopper 
compounds 


jugated alkenes react with these and with primary alkyllithiums under mild con- 
ditions to give monomeric products, e.g. 


Ph Ph 


oe) /Bu-ti — Ph Bu 
Li 


(6) Unlike Grignard reagents, lithium compounds are sufficiently nucleophilic 
to react at the nuclear carbon atoms of aromatic systems which are activated to 
nucleophiles (see chapter 12 for a fuller discussion). For example, phenyllithium 
reacts with pyridine at 110°C to give an adduct which is decomposed by water to 
2-phenylpyridine (40-49%) [2]: 


S S BW 
La) “Prt — (Le sc CL + WOH + HH 
g 
N N H N 
li 


Ph 


(a) Preparation 


Two types of copper(1) compound are of value in synthesis: organocopper 
compounds, RCu, and lithium organocuprates, R2CuLi, where R is alkyl! (pri- 
mary, secondary, or tertiary), alkenyl, or aryl. They can be prepared from the 
corresponding lithium compounds (p. 197) with copper(1) iodide in an aprotic 
solvent such as an ether and in an inert atmosphere: 


Ri + Cul —_ RCu + = Lil 


2RU + Cul —~ ReCulLi + Lil 


Alkenyl compounds of two types can also be made from alkynes. Acetylene 
itself reacts with either an organocopper compound or an organocuprate, with 
almost complete syn stereoselectivity, 


R R 
2H-==-+H + = ACulh loa out 


Alkynes of the type RCH,C==CH react with the complex of RCu and MgBr, 
(though not with R,CuLi) with both regioselectivity (the copper atom becoming 
attached to the less substituted carbon atom) and syn stereoselectivity, e.g. 


Et 
Pee EtCu.MgB Cu.MgB 
CoHp—S-H | cate SY ome 
H 
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(b) Reactions 


(i) With of-unsaturated carbonyl compounds. Reaction takes place specifically 
in the 1,4-manner, e.g. 


ce) 


(@) 
CO} 1) Me,Cuti Cl 
2)H* 
Me 


in contrast to organolithium compounds (p. 198) and Grignard reagents from 
purified magnesium (p. 193). A mechanism which has been suggested involves an 
intermediate adduct in which copper has a formal oxidation state of +3 and which 
undergoes a reductive elimination (p. 563), e.g. 


R 
R ; z 
A -\ CO _CuY oO : R se) H* R 
acu a —» R% lie RCu eal: al Oe 


but it remains unclear why 1,4-addition should occur so much more readily than 
1,2-addition. 

The organocuprates react more rapidly and usually give better yields than 
organocopper compounds and are the reagents of choice. However, as the equation 
above shows, one of the R groups in R2CuLi is ‘wasted’ as RH, and if this group 
if difficult to synthesize or particularly expensive to obtain, it is better to employ a 
mixed organocuprate in which one of the groups attached to copper is |-pentynyl: 


See , ee OR 


cu Cu-R Li 

Alkynyl groups are not transferred from copper to aB-unsaturated carbonyl com- 
pounds so that the R group in the mixed organocuprate is used efficiently for this 
purpose; the by-product, I-pentyne, can be reconverted into its copper derivative 
with a Cu(1) salt. 

1,4-Addition of organocopper compounds and organocuprates also occurs to 
C==C conjugated to a carbonyl group and to C==C and C==C conjugated to 
—CO,R or —CN. However, isolated carbonyl groups react very slowly and al- 
ternative methods are used. 


(ii) With acid halides. These form ketones, e.g. 


oO. .Cl O. Me 


1)(Me,C=CH),CuLi 
2)H" 


70% 
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(iii) With epoxides. These form alcohols by reaction, with inversion of con- 
figuration, at the less substituted carbon atom of the epoxide, as in the Sy2 
process, e.g. 


Me Me 
Ce 1) ReCuLi Ove 
ee ee, 
2)H m 
R 


(iv) With halides. Organocuprates react with alkyl (primary or secondary), 
alkenyl, and aryl bromides and iodides, but not chlorides, by displacement of 
halide ion in a process known as a coupling reaction. Except with secondary alkyl 
compounds and the coupling of an alkenylcuprate with an alkenyl halide, yields 
are generally high, e.g. 


CyoHo,Br BuzCuti | Cr4H30 
1-bromodecane tetradecane 
80% 


Br 
CY Bu,CuLi Cr 


80% 


The yields with secondary alkyl halides are improved by employing a cyano- 
complexed cuprate: 


2RALi + ~=—«1/2Cu(CN)2 —= — ReCU(CN)Lin 


The yields of alkenyl-alkenyl coupled products are improved by including 
ZnBr, and a catalytic quantity of Pd(PPh3),, e.g. 


Li* 
eu s6e ik I 2nBr, 
SS o + N&R caesar Sry eee 
THF, -25 °C 

Displacement of the halide occurs with almost complete stereoselectivity: the 
yield of (Z)-isomer in the example above is less than 0.5%. Since alkenylcuprates 
can be made with a high degree of stereoselectivity from alkynes of the type 
RCH,C==CH (p. 200), this enables two double bonds to be introduced in a 
stereochemically predetermined way. 

The mechanism of coupling is not clear. Aikyl bromides react with inversion of 
configuration, suggestive of an S,2 reaction. However, optically active alkyl 
iodides yield racemic mixtures, and the fact that alkenyl halides react also argues 
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against an Sx2 process. It is possible that, in these cases, electron-transfer pro- 
cesses are involved. 


Cadmium alkyls and aryls may be obtained by the metal-metal exchange reaction 
(p. 185), using either a Grignard reagent or an organolithium compound: 


2RMgX + CdCl —= RCd + 2MgXCI 
2Rli + CdCl = —+ Rod + 21iC 


They are far less reactive compounds than both Grignard reagents and organo- 
lithium compounds. In particular, they do not react with ketones or esters, 
although they react with acid chlorides: 


2RCOCI + R2Cd == 2RCOR + CdCh 


This specificity gives organocadmium compounds their main use in synthesis. 
Although it is possible to obtain ketones from both Grignard reagents and 
organolithium compounds, it is often necessary to introduce a ketonic function 
into a molecule which possesses other functions susceptible to attack by magnesium 
and lithium compounds. The cadmium compound may then be used. 


Mercury(t1) salts are electrophiles which add to alkenes and substitute in aromatic 
compounds; the latter reactions are described later (p. 388). 

The reaction of an alkene with mercury(I) acetate usually occurs rapidly in 
aqueous tetrahydrofuran. It is thought that there is bridging in the intermediate 
cation (p. 82), but the regiochemistry, as with the addition of bromine, is 
dictated by the tendency for formation of the more stable of the two possible 
carbocations, e.g. 


OAc OH 
t 
RS Hg THEO A Hae tO. ar Hg0Ac 
- C . 
OAc 


If the water in the solvent is replaced by an alcohol or a carboxylic acid, the 
corresponding ether or carboxylic ester is formed, e.g. 
é OR' 
R'OH 
RS +: Ha(OAc), aX HgOAe 


The importance of the reactions lies in the ease with which the mercury 
substituent can be removed by reduction with sodium borohydride, 


NaBH, 


in a reaction believed to involve radicals, 


6.6 
Organo- 
cadmium 
compounds 


6.7 
Organomercury 
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6.8 
Organozinc 
compounds 


Problems 


2 oad NaBH, 
intlation =R-Hg-OAc ——— = R-Hg-H —= Re + “HH 
Ro + R-Hg—H —> RH + R-Hg: 
propagation | 
R-Hgo) =—= PR + Hg(0) 


Yields in each step are usually high, for example, 1-methylcyclohexene forms |- 
methylcyclohexanol in 90% overall yield, 


Me 


Me 
CY 1) HOAe)s THE / HO _ OH 
2) NaBH, 


This process is an alternative to the hydration of alkenes with sulfuric acid 
and is the method of choice when another function in the organic compound is 
sensitive to strong acids. It is also complementary to the hydration of alkenes 
by the hydroboration route, which occurs with the alternative regioselectivity 
(p. 484). 

Alkynes are hydrated in aqueous sulfuric acid in the presence of a catalytic 
quantity of mercury(m) sulfate (p. 91), e.g. 


— HgSO, cat. R. Ch, 
R—s—H H2SO,4 - H20 T 


Diiodomethane reacts with a zinc-copper alloy to form an unstable organometallic 
adduct, ICH2ZnI which, in the presence of an alkene, transfers CH, to form a 
cyclopropane (Simmons—Smith reaction), e.g. 


vH 
O + CHola ao Ce + Znly 
“H 


Zinc is also employed in the Reformatsky reaction (p. 217). 


1. How would you obtain each of the following from phenylmagnesium bromide? 
Ph;C—OH; PhyC—=CH,; PhC(CH3)—=CH.; PhCO.H; PhCH2Ph; PhCHO; 

2. What products would you expect from the reaction of methylmagnesium iodide 
with each of the following? CH;CO,Et; CH;CN; CICO,Et; CH;CO—O— 
COCH;; CICH,OCH3; CH,=CH—CH,Br; PhCOCH==CH); (CH3);C— 
CO—C(CHs)s. 


3. How would you employ organometallic reagents to make the following? 
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(a) a (6) = Arcot 


(c) evo (d) YH eoutt 


(e) Ph7™ (f) = 
OH 
(8) —)-cto (h) 8. Af>co.et 
(i) a (ij) i ike 
COH 
ai 
(k) Me (!) o 


4. How would you use organocopper reagents in the preparation of the following? 


(a) o from = Me—===—H 
re) 


Ph 
(6) \7~coMe trom  Ph—==—CO,Me 
Ph 


Me 
: a 
“Me 
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7.1 
Principles 


Formation of 
carbon-carbon bonds: 
base-catalyzed reactions 


The formation of carbon-carbon bonds by base-catalyzed reactions is closely 
related to their formation from organometallic reagents. In each method nega- 
tively polarized carbon reacts with the electrophilic carbon of carbonyl groups, 
alkyl halides, and related compounds. The difference between the two procedures 
is that whereas the method of inducing negative polarization in carbon in the 
latter case is to attach carbon to an electropositive metal, in the former case a 
base is employed to abstract a proton from a C—H bond to give a carbanion. 

The scope of base-catalyzed reactions depends on three facts: a wide range of 
compounds is able to form carbanions, these anions react with electrophilic 
carbon in a variety of environments, and the basicity of the reagent used to 
abstract the proton in the generation of the carbanion may be varied widely so as 
to produce suitable conditions for a particular reaction. 

The factors which govern the formation of a carbanion have been briefly 
discussed (section 2.4). The most general structural requirement is that the C—H 
bond from which proton abstraction is to occur is adjacent to one or more groups 
of ~M type which can stabilize the anion, e.g. 


CHSo == CHAS == CHAO" 


For example, alkanes do not undergo base-catalyzed reactions because the cor- 
responding anions, being of very high energy content, are formed in negligible 
concentration. The more common of the activating groups, arranged in approxi- 
mately decreasing power of activation, are: 


—NO, > —COR > —CN > —CO.R 


A hydrogen atom attached to carbon which is bonded to one of these groups (an 
‘a-hydrogen’) is described as being activated. The presence of two such sub- 
stituents adjacent to a C—H bond considerably increases the acidity of that bond 
(section 2.4), and many useful reactions employ di-activated compounds such as 
malonic ester, CH,(CO,Et), and acetoacetic ester, CH;COCH,CO,Et. 
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In the majority of cases, the negative charge is shared with an oxygen atom and 
these ions are usually referred to as enolates (i.e. they are formally derived from 
enols, C==C—-OH). There are also synthetically useful carbanions in which the 
charge is not delocalized, especially anions from alkynes, RC==C™ (section 7.6), 
and cyanide ion (section 7.7). Enolates, although resonance-stabilized, are never- 
theless high-energy species which react with positively polarized carbon. The two 
classes of reaction of general importance are: 


(1) with carbonyl-containing compounds 
oc == Cc” CL .- 
(2) with alkyl halides or sulfonates 


@ GOES eee ok 

The reactions are similar in principle in that each involves the displacement of an 
electron-pair from the carbon which is attacked on to an electronegative atom. 
They differ in that only the former reaction is readily reversible (so that many of 
the reactions described in the ensuing text can be employed in the reverse sense 
for the cleavage of C—C bonds). 

The commonly used bases, in order of decreasing base-strength (section 2.4), 
are: 


PhjC7 > (MesCH)N > EtO > HO” > RN 


The choice of base is determined by the reactivity of the enolate-forming com- 
ponent and is discussed below. 

Until fairly recently, most base-catalyzed reactions were carried out with an 
oxy-anion base such as HO™ or EtO™. However, for mono-activated compounds 
where pK is in the range 10-20, the concentration of the enolate is small, e.g. 


CHgCOCH3 + OH” _— CH3COCH, + H20 


pK 20 pK 16 


and reaction occurs relatively slowly. It has therefore become common practice to 
employ a base whose conjugate acid is significantly stronger than the enolate- 
forming compound. For example, if the pK of the base’s conjugate acid is 4 units 
greater than that of the carbonyl compound, formation of the enolate is 99.99% 
complete. A particularly valuable very strong base is (MexCH).N” (‘LDA’), 
which has the added advantage of being hindered as a nucleophile. It is prepared, 
as its lithium salt, by reaction of the amine (pX 40) with butyllithium in an aprotic 
solvent such as tetrahydrofuran at low temperatures, 
(MesCH),NH + ~——-Buli = (MezCH)N” Li* + Cato 
lithium diisopropylamide 
{LDA) 
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Two further points should be noted. First, the charge on an enolate is shared by 
carbon and a second, more electronegative element (usually oxygen, but in the 
case of activation by -CN, nitrogen). Indeed, the major portion of the charge is 
associated with the latter, for example, in the hybrid 


CH SOo == CHO 
the second resonance structure is the more important contributor. Reaction of the 


enolate with a carbonyl group or a halo-compound could therefore occur at the 
more electronegative atom, e.g. 


ie CH, CH, 
é *Q é EtOH 

CH,~ So a CH;7 ~o SO — cH so-so — CH;7~o OH 
CHS == CHAO Hy HNO or 


In practice, reaction at carbon normally dominates in each case, probably because 
the products are thermodynamically more stable than those derived by reaction 
through oxygen, this difference in stability being reflected in the transition states 
for the processes. Two exceptions to this generalization — ring closure when the 
ring formed by reaction at carbon would be significantly strained whereas that 
formed by reaction at oxygen is not, and alkylation when a particularly reactive 
electrophile is used — are described later (pp. 239, 233). In contrast to reaction 
of an enolate with a carbonyl compound or an alkyl halide, reaction with a 
chlorosilane occurs at oxygen to form a Si—O bond since this is a significantly 
stronger bond than Si—C, the difference being reflected in transition-state en- 
ergies. This has important applications (e.g. p. 216). 

Secondly, the activated compound may have two active sites, for example, 2- 
methylcyclohexanone could react through 


oO Oo 
-Me H.. Me 
or 
(a) (b) 


Which provides the major pathway can depend on whether the process is subject 
to kinetic or thermodynamic control. Enolate (a) is the more stable, probably 
because of stabilization by the methy! group of the important alkene-like structure 


(c) (p. 34): 
ie) om 
oa . Me 
(¢) 
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Therefore, when the two enolates have time to equilibrate before reacting with 
another reagent (thermodynamic control), reaction occurs mainly as though 
through (a); an example is alkylation (p. 234). In contrast, reaction with LDA in 
1,2-dimethoxyethane at ~78°C gives 99% of (b) and 1% of (a) and subsequent 
reaction is almost entirely by way of (b). This is the result of kinetic control: the 
CH) group is sterically more accessible than the methyl-substituted CH and is 
attacked the more rapidly; in an aprotic solvent at the very low temperature used 
the enolate does not revert to reactant at a significant rate so that equilibration 
between (b) and (a) does not occur. 


(a) The aldol reaction 


The aldol reaction is one of the most commonly used methods for forming new 
C—C bonds. It is capable of wide variation in the reactants and providing 
regiochemical control and, in some cases, stereochemical control. It consists of 
the reaction between two molecules of aldehydes or ketones, which may be the 
same or different: one molecule is converted into a nucleophile by forming its 
enolate in basic conditions or its enol in acidic conditions (p. 256) and the second 
acts as an electrophile. The reaction takes its name from the trivial name of the 
product of the dimerization of acetaldehyde discovered by Wurtz in 1872: 


+ L OH 
Hor OH 
2 CH,CHO —_—_== CHO 
3 ae 
aldol 


The mechanism of the base-catalyzed reaction is as follows: 


“No + OH™ =— “No + H20 
10) om 

S ba ““So =— AW~o 

om OH 


Ao + H20 a 2Ao + OH" 


The equilibrium constant for the formation of aldol is 400 m~'. The kinetics 
(rate = k[{CH;CHO][OH™ }) show that the first step, generation of the enolate, is 
rate-determining. In a closely related case, however, the self-condensation of 
acetone to give diacetone alcohol, the kinetics (rate = k[CH3;COCH;]*[OH ]) 
show that the rate-determining step is the reaction of the enolate with a second 
molecule of acetone: 


7.2 

Reactions of 
enolates with 
aldehydes and 
ketones 
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oO 


re) 
AY ig OH™ eS + 120 


l 


OH™ 


\ 


a OH O 
A, te He AX * 
The difference is attributed to the fact that the carbonyl group in acetone is less 
rapidly attacked by nucleophiles than that in acetaldehyde, partly because the 
electron-releasing character of methyl compared with hydrogen renders the ad- 
duct from acetone (and the preceding transition state) less stable, and partly 
because the carbonyl group in acetone is more hindered. It is a general feature of 
aldol reactions that the step involving C—C bond-formation is facilitated by 
electron-attracting groups on the carbonyl component and retarded by electron- 
releasing groups. 


Other general features of the reaction which must be borne in mind in synthetic 
applications are the following. 


(1) Reaction is readily reversible, and the position of equilibrium is not always 
favourable to the product. For example, this is true for the formation of dia- 
cetone alcohol from acetone (K = 0.04m~") and a special experimental procedure 
is used to obtain a high yield of the product. Barium hydroxide is placed in the 
thimble of a Soxhlet extractor over a flask of boiling acetone. As acetone comes 
into contact with the catalyst a small proportion of diacetone alcohol is formed 
which is then automatically returned to the boiler by a syphon mechanism. Since 
this product ‘boils over 100°C higher than acetone, it accumulates in the boiler 
while acetone continues to reflux, condenses on to the catalyst, and returns to the 
boiler together with further product. In this way diacetone alcohol may be 
obtained in 70% yield [1]. 

(2) Aldols as such are not always isolated from the condensation. For example, 
that from acetaldehyde readily forms a cyclic hemiacetal: 


a a ae ios ca 
id qT as 


On being heated, this trimer is converted back into the aldol which, in hot basic 
conditions, undergoes dehydration:* 


*The products of base-catalyzed eliminations such as this, and of the corresponding acid-catalyzed 
eliminations, are not formed stereospecifically but generally consist mainly of the trans isomer (cf. 
p. 15) and will be shown as such. 
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OH 
(OH™ 
ee io “~No 


Diacetone alcohol is more stable, but dehydration can be brought about by acid 
or base: 


on (H") or (OH) seo 
AK -H20 S 


(3) The use of more concentrated alkali can lead directly to the unsaturated 
carbonyl product which can then undergo further condensations. For instance, 
acetaldehyde gives resins as a result of successive condensations of the type, 


o | 6g | j 3 
Ss ww, = ae a —~> etc 

(OH") (OH") (OH) 
However, it is usually possible to select reaction conditions in which the first 
dehydration product is formed in good yield, e.g. 


2 “~™~CHO Bical ee Pe ae 
80°C 
The process is then referred to as the aldol condensation, and it is in the for- 
mation of such aB-unsaturated carbonyl compounds that the synthetic utility of 
the aldol reaction mainly lies. 


(i) Unsymmetrical ketones. Whereas an aldehyde has only one carbon atom 
activated by the carbonyl group from which proton abstraction may occur, a 
ketone may have two. For example, butanone might undergo reaction via either 
of the anions CH,COCH,CH; and CH;COCHCH; leading to 


OH O OH O 


respectively. In practice, the former product predominates, even though a higher 
concentration of the enolate leading to the latter would be expected under 
conditions of thermodynamic control (p. 208). This is probably because there 
is greater steric hindrance to attack on the carbonyl group of butanone by 
CH,;COCHCH, than by CH,COCH,CH3. In general, the enolate component 
from an unsymmetrical ketone is that derived from the less highly alkylated 
carbon. 


(ii) Mixed reactions. If each of two aldehydes contains an a-hydrogen atom, 
aldol reaction can give each of four products: each aldehyde can provide an 
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enolate and each can act as the carbonyl component. Such condensations are only 
of synthetic value if a required product can easily be separated from the resulting 
mixture. In general, it is better to employ an alternative strategy: namely, to use a 
pre-formed enolate (p. 213). 

If, however, one of the two components has no a-hydrogen, only two products 
can be formed. Further, if this component has the more reactive carbonyl group of 
the two, one product predominates. For example, the action of alkali on a mixture of 
formaldehyde and acetaldehyde leads, initially, to B-hydroxypropionaldehyde, 


om OH 
“No Que ““SNo tO us 2 LAG 


for only acetaldehyde can form an enolate and the carbonyl group in formal- 
dehyde is the more reactive to nucleophilic addition. 

In practice, this reaction does not give B-hydroxypropionaldehyde as the final 
product. If the reaction is carried out in the gas phase at a high temperature (e.g. 
using sodium silicate as catalyst, at 300°C), dehydration occurs 


OH 
heat 


whereas at low temperatures further aldol reactions occur until each of the three 
a-hydrogens of acetaldehyde has been replaced, 


ge 
CH,CHO 80+ ~— 3. CHO {oe oro 


This product, like formaldehyde, has no active hydrogen and next undergoes the 
crossed Cannizzaro reaction characteristic of such aldehydes (p. 654): 


HO HO. 


oro ~- tho: Aa voor + HCOH 


OH OH 


The product, pentaerythritol, can be obtained in about 55% yield in this way 
using calcium hydroxide as the basic catalyst [1]. This reaction is also carried out 
industrially using lime as the catalyst; the pentaerythritol is converted into its 
tetranitrate ester for use as an explosive. 

The aldol reaction on a mixture of an aldehyde and a ketone each of which 
contains active hydrogen may also in principle yield four products but, since the 
carbonyl group in aldehydes is usually more reactive towards nucleophiles than 
that in a ketone, only two products are likely to be formed in significant amounts: 
the dimer of the aldehyde and the product derived by reaction of the enolate from 
the ketone with the carbonyl of the aldehyde. Moreover, the aldehyde dimer can 
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be minimized by the slow addition of the aldehyde to a mixture of the ketone and 
the base. 

The aldol reaction on a mixture of a ketone and an aldehyde which possesses 
no active hydrogen usually gives essentially one product. For example, benzal- 
acetone is obtained in about 70% yield from benzaldehyde and excess of acetone 
in the presence of 10% sodium hydroxide solution [1], 


re) oO = oO 
(OH" ) 

pr? ae HO pra 

benzalacetone 


and, if acetone is not in excess, dibenzalacetone can be obtained in about 80% 
yield [2]: 


O O Oo 0 
a) Pes 
ee + Ae an - PhS SF Ph 
dibenzalacetone 


Any ketone which possesses the grouping —-CH,—CO-—-CH,— can give an 
analogous dibenzal derivative and the reaction with benzaldehyde has been em- 
ployed to reveal the presence of such groupings. 

When an a-diketone possessing no active hydrogen is used in place of an 
aldehyde, cyclic products are formed, e.g. 


PhO CH, Ph 


(OH) 
Ph~ SO CHy 


In the above examples, formation of the condensation product from the aldol 
adduct is promoted by the stabilizing effect of the conjugated phenyl group on the 
C=C bond which is developing at the transition state. 


(iii) Use of pre-formed enolates in aldol reactions. The disadvantage that more 
than one product is formed in mixed aldol reactions when each carbonyl com- 
pound contains an active hydrogen can be avoided by pre-forming the enolate of 
one of the components with LDA, e.g. 


Oo o ui” =O O OH 
an ee ee 
LDA / THF 
ee —srT owe — 
78°C 2)H 
65% 


This development, giving regiochemical control, has greatly increased the scope 
of aldol reactions. 


(iv) Intramolecular aldol reactions. Internal reactions are particularly valuable 
for generating five- and six-membered cyclic enones, e.g. 
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0) @) 
NS Ns AK 
100 °c 
(9) 


Three- and four-membered rings are not formed in this way owing to their strain 
(unfavourable enthalpy of activation): the intermolecular reaction is favoured. 
The second example above shows that five-membered are formed in preference to 
seven-membered rings and, in general, rings larger than six-membered are not 
available owing to some strain occurring in their formation (7-11 members) and 
an increasingly unfavourable entropy of activation (p. 67). 

Bicyclic compounds, of value in the synthesis of certain natural products (e.g. 
p. 765), can also be obtained, e.g. 


we 
oO” \O e) 


(v) Diastereoselectivity in aldol reactions. An aldol reaction can create two 
asymmetric centres, e.g. 


O OH O OH 
R' R" + ar Ar 
R R 
°) oO 
base 
(a) 
R AY + He pe 
R O OH O OH 
R SRY RNR 
R R 


(b) 


The diastereomers of type (a) are usually referred to as syn or erythro and those 
of type (b) as anti or threo. 

Unless one of the substituents is itself asymmetric, a racemic mixture of any 
pair of enantiomers is inevitably formed. However, the diastereomers are not 
usually formed in equal amounts; either can predominate depending on the 
reaction conditions and the nature of the substituents, and in some cases does so 
essentially exclusively. The results can be rationalized in most instances and the 
theory that has evolved is of value in predicting and controlling the stereochemical 
outcome of new reactions. The main tenet of the theory is that the new C—C 
bond is formed, at least in part, via a six-membered cyclic transition state which 
includes the metal counter-ion. This is coupled with recognizing that the geo- 
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metrically isomeric forms of an enolate, which are not formed at the same rate 
and may or may not be able to equilibrate under the reaction conditions, yield 
cyclic transition states of different stability. 

There are two general cases. In one, the (Z)- and (£)-forms of the enolate are 
in rapid equilibrium, and the product distribution is determined by the relative 
stabilities of the cyclic transition states (M = metal) (only one enantiomer of each 
product is shown in this and subsequent examples): 


R 
o OM O 
pore = RY oO mt 
Ros R 


R"CHO 
HW Ao ad 
ee FR 
oy (Z) 
R’ 
RC 
oO 
bs 
ae 
R"CHO 
RAG mt ——— 
H 
(E) 
re) oO ut R’ . 
R An = R is Oo mt 


The chair-shaped transition state leading to the anti product has both R and R” in 
(approximately) equatorial positions, whereas in that leading to syn product R is 
in the less stable axial position. The former is therefore of lower energy, leading 
to a predominance of anti product. The conditions for this to occur (thermodyn- 
amic control) are the use of a relatively weak base such as hydroxide ion, high 
temperatures, and long reaction times. 

In the other general case, kinetic control is achieved by the use of a very strong 
base such as LDA, low temperatures, and short reaction times. The (Z)- and (£)- 
enolates are formed rapidly and irreversibly, and their relative amounts determine 
the product composition. For a ketone MeCH2COR the (Z)-enolate is normally 
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formed the faster of the two providing that R is reasonably bulky (presumably 
because the methyl substituent is eclipsed by oxygen in the (Z)-isomer but by 
the bulkier R group in the (£)-isomer and this strain factor is reflected in 
the transition states for their formation). The major product is then the syn 
diastereomer. The selectivity can be very high when R is particularly large, such 
as t-butyl, e.g. 


fe) © M* o oOM* 
Me = PhCHO : 

Sa a a aa 
H Me 


> 98% 


but it falls off as the size of R is reduced (e.g. the syn: anti ratio is about 4:1 when 
R is isopropyl under these conditions). Moreover, in some cases the (E)-enolate is 
formed the faster. 

There are two techniques for increasing the degree of diastereoselectivity. One 
is to pre-form the enolate of the desired stereochemistry. Chlorotrimethylsilane is 
included with the ketone and base: the enolates are trapped as silyl enol ethers, 


e.g. 
H H 
a A? Me3SiCi ~ Ay R 
Oo M* OSiMe, 
Y 
R 
ile 6 Seo, 
SS Me Me 
wrk MegSiCt Hyer 
Oo mM* OSiMe, 


which can be separated by distillation or chromatography and then converted into 
pure (Z)- or (E)-enolate by treatment with fluoride ion, e.g. 


H 
mA a, MeNP +  MegSiF 
OSiMeg oO 
Reaction with the second carbonyl compound then yields mainly syn and anti 
products from (Z)- and (E)-enolates, respectively. However, although the syn: 


anti ratio from a (Z)-enolate is usually large, the anti:syn ratio from an (E)- 
enolate is usually small, for example, for reactions with benzaldehyde: 


H 


MeN syn:anti = = 90:10 


ce) 
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wh anti:syn «© 60:40 


The second technique exploits the observation above that, when R in 
MeCH,COR is very bulky, kinetically controlled conditions give very largely syn 
product: that is, a large R group is introduced which can later be removed, e.g. 


ie) ie) 
HO Me3SiC! Me,SiO. 14) LOA/ THF, -78 °C 
2) PhCH2CHO 


3) H* 


OH 


© OH 2 
i Ph “Hels = HOZC._ A Ph 


76% 


sooner: 


(b) The Claisen reaction 


The base-catalyzed reaction between an ester which contains active hydrogen and 
an aldehyde which does not is known as the Claisen reaction. For example, ethyl 
acetate and benzaldehyde react in the presence of sodium ethoxide to give ethyl 
cinnamate in about 70% yield [1]: 


HOD, Pho A coe 
zl 2 


PhCHO + CH3CO2Et 1,0 


The success of the reaction depends on the fact that the carbonyl in an aldehyde 
is more reactive towards nucleophiles than one in an ester. Aldehydes which 
contain an a-hydrogen atom are not suitable components in the Claisen reaction 
because they preferentially undergo self-condensation. 


(c) The Reformatsky reaction 


Although this is not a base-catalyzed reaction, it is included here since it is the 
reaction of an enolate with an aldehyde or ketone. The enolate is generated from 
an a-bromo-ester with zinc in diethyl ether, e.g. 


as ZnBr*t O- 


3) 
cio ~~ cto 


and adds to the carbonyl compound to give, after hydrolysis, an aldol-type 
product 
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fe) fe) Oo 6(~O ee OH 
2 
oa a ° aR robe EOC hp 


Whereas reactions of enolates with aromatic aldehydes are often followed by 
base-catalyzed elimination to give af-unsaturated compounds, the absence of 
base in the Reformatsky reaction results in the isolation of the B-hydroxy-ester, 


e.g. 


re) OH 
1)Zn 
Boole + | aR. E106 1 


a-Bromoketones cannot be used in the Reformatsky reaction because the zinc 
enolate preferentially reacts as it is formed with more of the ketone. 


(d) The Perkin reaction 
This reaction consists of the condensation of an acid anhydride with an aromatic 
aldehyde catalyzed by a carboxylate ion. The mechanism is surprisingly complex, 


although each step is of a well established type. The anhydride first provides the 
enolate under the influence of the basic carboxylate ion: 


re) fe) 
Ay + AAR — aie + CH;CO,H 
Va) 


re) 0 oO 0 0 O ron (e) 
re - Ag om wAtg — no 
o pe CH,COO 600 C—O 
a 2 
wA4AX Ar CO, mat 
cuyoog COOH OO _ L eee 
Ar“ ~O Ara So 


Ar ACOH 4 (CH3CO)20 


Electron-attracting groups on the aromatic ring increase the efficiency of 
the reaction, e.g. p-nitrobenzaldehyde gives an 82% yield of p-nitrocinnamic 
acid. Conversely, electron-releasing groups reduce the efficiency, e.g. p- 
dimethylaminobenzaldehyde fails to condense. Because of the relatively weak 
basicity of carboxylate ions, fairly high temperatures are generally required. 
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Methods based on the Perkin reaction have been used in the synthesis of a- 
amino acids. The first of these was Erlenmeyer’s azlactone synthesis, in which an 
acylglycine is condensed with an aromatic aldehyde in the presence of acetic 
anhydride and sodium acetate. The acylglycine is converted into an azlactone 
by the dehydration of its enol tautomer with acetic anhydride (cf. the ready 
formation of y-lactones, p. 66), e.g. 


CO.H CO,H 
Coe. a ee ee OS 
={ 


benzoylglycine 


The azlactone, whose methylene group is activated by the carbonyl group, under- 
goes the Perkin condensation with the aldehyde, 


fe) @) 
“> (AcO ) pe 
Ar~ So . Be aor ag et 
N={ Ph 
Ph 


This product is then reduced and hydrolyzed to give the a-amino acid. For 
example, (+)-phenylalanine may be obtained in about 65% yield by treating the 
azlactone below with red phosphorus and aqueous hydriodic acid [2]: 


oO 


Oo 
CO.H 
ne o =the aye ee py OH 


fe) 
= N= 
om Son 


Ph 
COH 
OH 
— p70 iP ae cad ; 
HN NH, 
Ph 


(¢)-phenylalanine 


The Erlenmeyer reaction proceeds much more readily than the Perkin reaction, 
e.g. the condensation above is complete after about 1 hour at 100°C. However, if 
the acylglycine cannot form an azlactone (e.g. benzoyl-N-methylglycine) con- 
densation occurs much less readily. 

Variants of the azlactone synthesis in which analogues of azlactones are used 
are sometimes advantageous. Hydantoin, thiohydantoin, and rhodanine have 
each been employed as the enolate-forming component of the condensation. 


hydantoin thiohydantoin thodanine 
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By omitting the reduction step, a-keto-acids may also be obtained from azlac- 
tones, e.g. 


= pay Oe Lene Pay OOet 
NH 


(e) The Stobbe condensation 


Ketones normally react with esters in the presence of base by a mechanism in 
which the enolate from the ketone displaces alkoxide ion from the ester (Claisen 
condensation, p. 226). Dialkyl succinates, however, behave differently from other 
esters in that the enolate from the ester adds to the carbony] group of the ketone: 


0 ce] oO 


EtO7 

mee — 10,07 Set — ae ae 
Oo” 
R 
wees EtO,C R 
CO.Et 


The resulting adduct cyclizes to a y-lactone which then undergoes base-catalyzed 
ring opening to give a carboxylate salt: 


0) 9) 
EtO_,O .. 
0. Eto Orn -EtO™ g R 
R R R 
CO.Et CO,Et CO,Et 
0. O, LO 
Eto” oO 
£ ZA 
R R 
CO,Et CO,Et 


The stability of the carboxylate anion is the basis for the success of the reaction 
for it results in the equilibrium being favourable to this product, whereas in the 
reaction of monobasic esters with ketones, where the corresponding situation 
does not exist, the equilibria established favour the product of the Claisen 
condensation. 


BASE-CATALYZED REACTIONS 


Aldehydes containing a-hydrogen undergo self-condensation in preference to 
the Stobbe reaction, but those with no a-hydrogen, e.g. benzaldehyde, react 
successfully. 

The Stobbe condensation leads to the attachment of a three-carbon chain to a 
ketonic carbon atom, whereas the condensations so far described lead to the 
attachment of a two-carbon chain. 

The procedure is usefully employed in the extension of aromatic rings, e.g. 


R R R 
Stobbe CO2Et CO,Et 
co O condensation ey 2 ring closure 2 
(0) 


HO2C 


R R 
CO.Et CO,Et 
ae (OO | oe OC 
OH 


Ring closure is accomplished by the Friedel-Crafts reaction (section 11.3) and the 
final dehydration occurs spontaneously because of the accompanying gain in 
aromatic stabilization energy. 


(f) The Darzens reaction 


The base-catalyzed condensation between an a-halo-ester and an aldehyde or 
ketone gives an epoxy-containing ester (glycidic ester): 


CO2Et E CO2Et Et0.C O 
2 Me,CO ay - RCO -—~O cl" 
Cl Cl To EES aati BOLT n 


RR 


A hindered base such as potassium t-butoxide is used so that Sy2 displacement 
of the chloride is disfavoured, compared with removal of a proton, by steric 
hindrance. 

The difference between this and the Claisen reaction is that in the former the 
oxyanion formed by the addition of the enolate to the carbonyl group preferen- 
tially displaces halide ion in an intramolecular nucleophilic substitution (cf. p. 
111), whereas in the latter the oxyanion removes a proton from the solvent. 

The glycidic acids obtained by base-catalyzed hydrolysis of the esters readily 
undergo a decarboxylative rearrangement in the presence of acids: 
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OH 


The overall process therefore consists of the addition of one carbon atom, as 
aldehyde, to a carbonyl group, 


he cee De 


(g) Other reactions of aldol type 


The reactions of aldehydes and ketones described so far have been with enolates 
derived from aldehydes, ketones, esters, and anhydrides. In addition, useful 
reactions may be carried out using carbanions derived from nitro-compounds, 
nitriles, and potentially aromatic systems. 


(i) Nitro-compounds: Henry reaction. Nitroalkanes with a-CH bonds react 
readily with aldehydes in the presence of base (usually OH™) to give f- 
hydroxynitro-compounds: 


fe) ) 
base - $4 

R,CH-NO, === RC-N =e RCHN 

ro oO 
RR RR 
; . + R' 
R'CHO R \%* no, —# \* NO, 
o OH 


With primary nitroalkanes or nitromethane, further condensations can occur, for 
example nitromethane and excess of formaldehyde give the trimethylol derivative 
(cf. the reaction of acetaldehyde and formaldehyde, p. 212): 


HO 


CH3NO, + 3CH,0 LOH") HO. 
NO, 


HO 


B-Hydroxynitro-compounds are of value in synthesis through their ready con- 
version into other intermediates: 


BASE-CATALYZED REACTIONS 


(1) To B-amino-alcohols, by reduction of the nitro group (e.g. catalytically or 
with lithium aluminium hydride) 

(2) To f-nitroketones, by oxidation (e.g. with pyridinium chlorochromate, p. 
609) 

(3) To af-unsaturated nitro compounds, by dehydration (e.g. with acetic anhy- 
dride). 

With aromatic aldehydes, the Henry reaction usually leads directly to 
the af-unsaturated nitro-compound, for base-catalyzed dehydration of the 
initial product occurs readily as a result of the increased conjugation in the 
product, e.g. benzaldehyde and nitromethane give w-nitrostyrene in 80% 
yield [1]: 


‘ OH 
PhCH CH,NO, (OH 220 
O + CHyNO> pr 2X NO? pr -NOz 


w-Nitrostyrene and its derivatives are useful starting materials in the Bischler— 
Napieralski synthesis of isoquinolines (p. 706) since the necessary B-arylethylamines 
may readily be derived from them by reduction. 


(ii) Nitriles. Nitriles containing a-hydrogen atoms behave analogously to nitro 
compounds, e.g. 


Ph ee Ph Ph 


L 7 L ee is PhCHO 
CN CN Cy N- 
Ph Ph Ph 
Ph EtOH Ph 7 
ae CN EtOH an CN 2H,07 Ph ae ee 
om OH 


(iii) Potentially aromatic systems. The anion derived by proton abstraction 
from cyclopentadiene is an aromatic system containing six n-electrons (p. 40) 
and the resulting stabilization energy renders cyclopentadiene acidic enough to 
undergo base-catalyzed condensations, e.g. 


i base O Me.CO 
H Oo 


dimethylfulvene 
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Related compounds such as indene and fluorene react similarly. 


Crh 


indene fluorene 


(h) The Knoevenagel reaction 


Compounds in which a methylene group is bonded to two groups of —M type, 
such as malonic ester, have much more acidic C—H bonds than those with only 
one such group. Consequently a weaker base than those used in the conden- 
sations described so far can provide a sufficient concentration of enolate ions, and 
sufficiently rapidly, for reactions with aldehydes, and in some cases ketones, to 
occur at a practicable rate. When amines such as piperidine are used as catalysts, 
the processes are known as Knoevenagel reactions. 

Formation of the new C—C bond* is followed by base-catalyzed elimination, 


e.g. 
CO,Et + CO,Et 

( NHo+ => ( NH, + ak. 
CO,Et CO,Et 


CO,Et COzEt . 

mee a = s CO,Et = 

7 COZEt ‘ 2 

fe) fe) 

(B = piperidine ) 
rs 
Bate CO,Et 
t 
L 2 —_— 

RK core A~co,Et 

Sou 


*It is believed that, at least in some cases, it is the imine or the immonium salt formed from the 
carbonyl compound and the amine which reacts with the enolate, e.g. 


CO,Et 
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BASE-CATALYZED REACTIONS 


When malonic acid is used, one carboxyl group is eliminated, probably as 
follows: 


CO;H CO,H 
R Sa : 
1 * ‘co eee CO.H 
O HO 
o. £0" 
2 ig R 
aoe Fics, — ArcoH + C02 
HO? 


For example, heating under reflux a solution of malonic acid and benzaldehyde in 
pyridine containing a little piperidine as catalyst gives cinnamic acid in 80% yield: 
COH 
Ph piperidine Ph 

yy +t %coH \f7~cOnH + CO. + HO 

The Knoevenagel reaction is more useful with aromatic than with aliphatic 
aldehydes. The latter react readily, but the C=C bond in the products, being ac- 
tivated to nucleophiles by the conjugated carbonyl, usually reacts further (Michael 
addition, section 7.5), e.g. 


COLEt CO,Et 
sy + eorEi Se MN cone 
fe) 
CO,Et CO.Et 
Me o CO,Et ia. Me Co,Et 
Et0,C~ ~CO,Et Et0,C~ ~CO,Et 


The corresponding addition to the C=C bond of the product from an aromatic 
aldehyde occurs less readily because of the loss of conjugation to the aromatic 
system which such addition involves. 

Ketones do not undergo the Knoevenagel reaction with malonic acid or its 
esters, but do so with cyanoacetic acid and its esters which contain more highly 
activated a-hydrogen. 


(i) Summary 


It is apparent from the preceding discussion that a variety of types of reactions are 
often available for the synthesis of a particular compound. For example, cinnamic 
acid may be prepared from benzaldehyde in each of the following ways: 
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7.3 

Reactions of 
enolates with 
esters 


@ Claisen reaction (CH;CO2Et, EtO™; 2 hours at 0-S°C, followed by hydrolysis 
of ethyl cinnamate): c. 70% 

@ Perkin reaction (Ac,O, AcO™; 5 hours at 180°C): 55% 

@ Knoevenagel reaction (CH,(CO2H)., piperidine; 1 hour at 110°C): 80% 

@ Reformatsky reaction (CH,BrCO,Et, Zn then dehydration): 50-60%. 


The Perkin reaction requires the most vigorous conditions and usually gives the 
lowest yield. However, it has the advantage over the Claisen and Reformatsky 
reactions in that if a nitro- or halogen-substituent is present in the aromatic 
aldehyde the yield is increased whereas the other two methods cannot be em- 
ployed. Nevertheless, the Perkin reaction has generally been superseded by the 
Knoevenagel reaction. 


(a) The Claisen condensation 


The self-condensation of an ester which contains an a-hydrogen atom is known as 
the Claisen (ester) condensation. The simplest example is the formation of aceto- 
acetic ester (ethyl 3-oxobutanoate) from ethyl acetate, catalyzed by ethoxide ion: 


OEt - X. LOEt OEt B a 
ye [YM ey | 


Oo oO Oo 


OEt 


A Et OEt OEt + 
Oo Oo Oo 60 Oo OO Oo 
acetoacetic ester 


The reaction is usually carried out by refluxing very dry ethyl acetate over 
sodium wire. The sodium reacts with the 2~3% of ethanol which is present 
in commercial ethyl acetate, generating ethoxide ion which then catalyzes the 
reaction. The product is obtained as the sodium salt of acetoacetic ester from 
which the free ester is liberated by treatment with acetic acid. Yields of about 
30% are obtained [1]. 

The Claisen condensation differs from the aldol reaction only after the oxyanion 
has been formed by addition of the enolate to the carbonyl group: in the Claisen 
reaction this anion eliminates ethoxide ion to give a B-keto-ester, whereas in the 
aldol reaction the anion gains a proton to give a B-hydroxy-aldehyde or ketone. 


BASE-CATALYZED REACTIONS 


Each step in the Claisen condensation is reversible, and acetoacetic ester can be 
isolated in significant yield only because it is essentially completely removed from 
equilibrium by conversion into its anion under the influence of ethoxide ion (i.e. 
acetoacetic ester is a much stronger acid than ethanol). However, in those cases in 
which the B-keto-ester product does not contain a C—H bond adjacent to both 
keto and ester groups so that this marked acidic character is absent, the equilibria 
are unfavourable to reaction when ethoxide ion is the base. For example, ethyl 
isobutyrate, Me,CHCO,Et, fails to give Mey>CH—-CO—-CMe,—CO.Et in these 
conditions. This problem can be surmounted by using a very much stronger base 
than ethoxide ion, and the triphenylmethide ion, added as sodium triphenyl- 
methyl, is conveniently employed. This results in the essentially complete removal 
of the ethanol formed in the reaction: 


2 Ao _ A + EIOH 


oO Oo O 
EtOH + Ph3C™ =— EtO + Ph,CH 


(i) Mixed reactions. As with aldol reactions, the Claisen condensation on a 
mixture of two esters each of which contains a-hydrogen may yield four products. 
In general, therefore, this is an unsatisfactory method for obtaining a particular B- 
keto-ester. Instead, it is best to pre-form the enolate of one component with LDA 
and to treat it with the acid chloride corresponding to the other component: 


R\_LCl R 


R R bid 
: R' 
Ne LOA \eoF o Ny Scouet 
0 O 
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However, mixed reactions are successful when only one of the two esters has a- 
hydrogen and the other has the more reactive of the two carbonyl! groups. Diethyl 
oxalate and ethyl formate are particularly suitable. The use of the former leads to 
compounds which are both B-keto-esters and a-keto-esters. Since a-keto-esters 
decarbonylate on being heated, the method provides a route to B-dibasic-esters, 
as in the preparation of diethyl phenylmalonate in 80-85% yield [2]: 


t oO 
Eto 
\boet . re) CO,Et 
O (E107) OEt 175°C 
-EtOH CO Ph~ ~COEt 
Ph~ ~CO,Et 
Ph~CO,£t , 


Since halobenzenes are not reactive towards nucleophiles in normal conditions 
(p. 399) and do not react with malonic ester in the presence of ethoxide, this 
provides a convenient route to phenylmalonic acid and related compounds. 
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The products from reactions with diethyl oxalate may also be used to prepare a- 
keto-acids: hydrolysis of the initially formed dibasic keto-ester gives a dibasic acid 
which, as a B-keto-acid, is readily decarboxylated by heat: 


Et0,C HO,C 


hydrolysis CO.H _heat CO2H 
ay OO eS aN 2 ae A 
fe) 


fe) e) 


Ethyl formate reacts in Claisen conditions with esters containing a-hydrogen, 
giving B-aldehydo-esters: 


I a on 
H~ ~Oet eo 1 L 
Hon” «60 COZEt «= —S sR COLE 
R~ ~CO,Et 


(b) The Dieckmann reaction 


The Claisen condensation on the di-esters of Cg and C7 dibasic acids occurs intra- 
molecularly to give five- and six-membered cyclic B-keto-esters, respectively. For 
example, diethyl adipate in toluene reacts with sodium metal to give the sodium 
salt of 2-carboethoxycyclopentanone from which the free ester (75-80%) is 
liberated with acetic acid [2]: 


POE nee a 7 COL 6 is 
CE sae 


O 


fe) ) 
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Diethy! pimelate reacts analogously to form 2-carboethoxycyclohexanone in 60% 
yield. 

The corresponding seven- and eight-membered ring compounds are formed in 
much lower yield, and rings with between nine and 12 members in negligible 
yield. This is because there is a small degree of strain in these rings and, as the 
chain length is increased, the entropy of activation becomes increasingly un- 
favourable, so that the ring closure competes less effectively with intermolecular 
condensation. 

Di-esters of shorter-chain dibasic acids do not undergo the Dieckmann reaction 
because of the strain which would result in the small rings formed (higher heat of 
activation). In the case of diethyl succinate, an intermolecular condensation 
between two molecules is followed by cyclization to the cyclohexanedione system: 


BASE-CATALYZED REACTIONS 


EtO. 
e~co.et ees ao) dex Et ieo5 EtO2C 0 
t 2 
EtO —— ——e 
“EtOH -EIOH Pe 
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(c) The Thorpe reaction 


The cyclization of dinitriles in the presence of base is closely analogous to the 
Dieckmann reaction. The initial product, a B-imino-nitrile, is readily hydrolyzed 
to a B-keto-nitrile: 


NH oO 


CN 
Cae (B:) CN 0 ‘oni 


As in the Dieckmann reaction, satisfactory yields are normally obtained only 
for five- and six-membered rings. However, the problem that arises in trying to 
make larger rings, that intermolecular reaction competes increasingly favourably 
with intramolecular reaction, has been overcome by employing an experimental 
technique devised by Ziegler. The dinitrile is added in very dilute solution in 
benzene to a solution of the basic catalyst in a large quantity of ether. This 
reduces considerably the probability of the intermolecular reaction and in this way 
yields of 95% (seven-ring), 88% (eight-ring), and 60-80% (rings with 14 or more 
members) have been obtained; yields of 9-13 membered rings are, however, less 
than 15%. The basic condensing agent must be soluble in ether and highly 
hindered so as to minimize its reaction as a nucleophile with the nitrile group: 
lithium salts of amines are commonly used. 


(d) Reactions of esters with ketones 


Four products might result from a base-catalyzed reaction on a mixture of an ester 
and a ketone each of which contains a-hydrogen: each of the two enolates might 
react with each of the two carbonyl groups. In practice, one product, that derived 
from the enolate of the ketone and the carbonyl of the ester, normally pre- 
dominates, e.g. 


yy £& |r -¥ 
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Two factors are responsible. First, the two Claisen products are converted into 
their anions by ethoxide ion so that the equilibria are favourable to these products 
but not to the two aldol products (cf. the self-reaction of acetone, p. 210). 
Secondly, acetone and 2,4-pentanedione are more acidic than ethyl acetate and 
acetoacetic ester, respectively, so that the formation of 2,4-pentanedione as its 
anion is the predominant reaction. 

This procedure for preparing B-diketones is limited in scope to reactions be- 
tween acetate esters and methyl ketones because of the reversibility of Claisen 
condensation. Consider the reaction between 3-pentanone and ethyl acetate. The 


expected B-diketone, 
go A 
(EtO") 
id < -EtOH 


Oo 0 


can yield, in the reverse reactions, not only the initial reactants (cleavage at a) but 
also butanone and ethyl propionate (cleavage at 5): 


O oO 
bAAa 
Oo oO 
E 
b an aaa + L 
0 0 


Reactions may now occur involving the reactants produced in b, giving rise to a 
complex mixture of products. 

Reaction may also be effected on to aromatic esters. For example, ethyl 
benzoate and acetophenone react in the presence of sodium ethoxide to give the 
sodium salt of dibenzoylmethane; the diketone is liberated (60-70% yield) on 
acidification [3]: 


Ph__OEt Ph _ Eto" Ph ALPh LH Ph Ph 
Oe ee LY ei 


The condensation of ethyl formate with ketones gives B-keto-aldehydes, 


R' R' R 
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BASE-CATALYZED REACTIONS 


and this reaction can be used when it is necessary to alkylate a ketone at the less 
reactive of its two a-CH positions: the more reactive position is blocked by reac- 
tion with ethyl formate followed by treatment with N-methylaniline. Alkylation is 
then effected at the other a-CH position and the blocking substituent is removed 
by hydrolysis. This technique has been employed in the introduction of angular 
methyl groups in steroid synthesis, e.g. 


O OH 
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Ph 
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Ph 
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+ PhNHMe + HCO, 


9-methyl-1-decaione 


(e) Enamines 


Enamines may be prepared from secondary amines and ketones which contain an 
a-hydrogen atom:* 


R' R' OH R' 
R " -H2O R 7 
ia + RYNH == iat, 2 —wtae Ana 9 
in H H R 


The reaction is driven to the right by removing the water as it is formed, either by 
azeotropic distillation (e.g. with toluene) or with molecular sieves. 


* Those prepared from ammonia or primary amines are unstable with respect to their tautomers, 
R 
AYNn- R ee as NC 
a H 


and cannot be isolated (cf. the instability of simple enols with respect to their carbonyl tautomers). 
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Enamines are closely related to the enolates derived from ketones, 


compare o~ nee —_ a all 
| 
R h 
with eae) — “No 


and behave analogously in their reactions with acid chlorides, e.g. 
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Mild hydrolysis removes the original amine, so that the overall reaction is the 
formation of a B-diketone: 


R RH 
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roo /N OHO 
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The enamine from an unsymmetrical ketone which can react at two sites is 
predominantly the less substituted one, e.g. 


OO 0 
OY = o-oo 


This is because an enamine is stabilized by interaction of the alkene n-system with 
the unshared electron-pair in a p orbital on nitrogen (cf. aniline, p. 49). This 
requires coplanarity of the bonds on the unsaturated carbon atoms and those to 
nitrogen, which is possible in (a) but, owing to steric repulsion, is not possible in 
(b). This can be usefully applied in synthesis. 


wwH 


N N 
rr 
H Cy e 
(a) (b) 


BASE-CATALYZED REACTIONS = 233 


In addition to the ability to add to carbonyl groups, enolates, like other nucleo- 
philes, displace halide ions from alkyl halides and sulfonates with the formation of 
C—C bonds, 


Go Welt! wae. (ete: He. 36 


{X = halogen or OSO2R) 


Halides were formerly used, but nowadays the toluene-p-sulfonate (tosylate) is 
often employed because it generally reacts more efficiently. Tosylates are readily 
available from alcohols with toluene-p-sulfonyl chloride (TsCl) in the presence of 
pyridine to absorb the hydrogen chloride: 


ROH + Tscr = Penne ROTs + HCI 
Reaction can also occur at the oxygen atom of the enolate, 
n 
Z~o Y CHy—X — Aros, x" 


but this is normally the less important reaction, e.g. 


Et 
eonEt et Sysco. + 7002 
O (E107) Oo OEt 
71% 13% 


The reason is the same as that which applies to the aldol and related reactions: 
the C-alkyl product is thermodynamically the more stable of the two, and this is 
reflected in the stabilities of the transition states. However, with very reactive 
halogen compounds, such as a 1-chloro-ether ROCH,CI, reaction at oxygen 
predominates, This can be rationalized by the Hammond postulate: the transition 
state occurs earlier in the reaction profile so that the new C—C and C—O bonds 
are less fully formed and the stabilities of the products are of less importance in 
determining reactivity than the distribution of charge in the enolate, which is 
greater at the oxygen atom. O-Alkylation also predominates with very good 
leaving groups in an aprotic solvent like HMPA in which the enolate ion is not 
solvated and is more reactive (p. 65); this is again because the transition state 
occurs earlier in the reaction profile. 

It is convenient to group these reactions into those in which the enolate is 
derived from (a) a monofunctional compound and (b) a bifunctional compound. 


(a) Alkylation of monofunctional compounds 


Although compounds containing a hydrogen atom activated by one group of ~M 
type react readily with carbonyl groups in the presence of ethoxide ion, their 


7.4 
The alkylation 
of enolates 
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reactions with alkyl halides in these conditions are inefficient. This is because 
ethoxide ion is a relatively weak base, so that the enolate is formed only in small 
concentration and most of the ethoxide ion added remains as such and is able 
itself to displace on the alky! halide. 

One way of obviating this problem is to use a stronger base so as to generate a 
larger concentration of enolate, and also one which is sterically hindered from 
reacting as a nucleophile. The t-butoxide ion is frequently used, as in the con- 
version of cyclohexanone into 2-methylcyclohexanone: 


Oo 
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Nowadays, LDA in tetrahydrofuran is commonly used. However, the two methods 
can yield different products with unsymmetrical ketones. For example, the methy- 
lation of 2-methylcyclohexanone with methyl iodide occurs mainly at the 6-position 
when LDA is used and mainly at the 2-position with t-butoxide: 


ce] 


oO oO 
LDA Me,CO~ 
Mel Mel 


There is kinetic control with LDA: proton abstraction is faster, and essentially 
irreversible, from the less hindered a-CH position. With t-butoxide, there is 
thermodynamic control: equilibration occurs between the two enolates and the 
methyl-substituted one, being the more stable (p. 208), is present in higher 
concentration. However, when reaction at the more highly substituted position is 
strongly sterically hindered, alkylation with t-butoxide occurs at the less highly 
substituted carbon, e.g. 


(i) The halogen compound. Alkylations of enolates are Sy2 processes and 
show the characteristics of those reactions which have been described previously 
(p. 103). These are: 


(1) The order of reactivity is 1 > Br > Cl > F. 

(2) Unsaturated and aromatic halides are unreactive except, in the latter case, 
when there is a strongly electron-withdrawing group, such as nitro, at a 2- or 
4-position (p. 400). 

(3) Primary alkyl halides undergo substitution in generally good yield, but be- 
cause enolates are very strong bases, secondary and tertiary halides pref- 
erentially undergo E2 elimination (p. 95). 


BASE-CATALYZED REACTIONS 


A modification of the method is suitable for tertiary halides: the enolate is 
converted into its silyl enol ether (p. 275) which is both less nucleophilic and much 
less basic than the enolate but which effects substitution when the halide is 
activated with a Lewis acid, e.g. 


EtMe,C-Cl + TiC — EtMe,ct +  TiCls 
Me,Si. o:, MeaSi. + 6 
~, *CMepEt CMe, Et cr CMeEt 
H -Me3SiCl 


60% [7] 


(ii) Monoalkylation v. dialkylation. The occurrence of at least some dialky- 
lation at an activated CH, group is inevitable; as reaction proceeds, an enolate- 
forming product accumulates at the expense of the enolate-forming reagent. The 
mono-alkylated product is favoured by use of an excess of the latter over the 
halide; conversely, if the dialkylated product is required, at least a two molar 
excess of halide is used. 

It is, however, possible to obtain only monalkylated product by pre-forming the 
enolate with the exact amount of LDA and adding the halide subsequently; no 
base is then available to react with the product as it is formed. 


(iii) Alkylation of af- or By-unsaturated ketones. Ketones of these types form 
enolates in which the charge is shared by two carbons as well as by oxygen: 


Alkylation could therefore occur at each of these two atoms, but in practice it 
takes place essentially entirely at the carbon nearer to the oxygen atom, e.g. 


Lee base 
Mel 
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Me 


It is thought that this is because this carbon atom in the enolate is the more 
strongly negatively polarized by the nearby electron-rich oxygen atom. 
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(b) Alkylation of bifunctional compounds 


A C—H bond which is adjacent to two groups of —M type is more acidic than 
one adjacent to one such group (p. 48) and may be alkylated in milder conditions. 
In other respects the characteristics of alkylation of bifunctional compounds 
parallel those for monofunctional compounds; in particular it should be noted that 
tertiary halides are unsuitable as alkylating agents. 

Two particularly important bifunctional compounds in synthetic procedures are 
malonic ester and acetoacetic ester. 


(i) Malonic ester. Malonic ester may be successfully monoalkylated in the 
presence of ethoxide ion: 


COLEt - CO.Et CO.Et 
° ma PK p ee ee 
COLEt COLEt R~ ~COQEt 
The monoalkylated product still contains an activated a-hydrogen and a second 
alkyl group may be introduced. However, slightly more vigorous conditions are 
usually required for the second alkylation, and it is therefore possible to isolate 
the product of monoalkylation in good yield by using only one equivalent of the 
alkyl halide. For example, methyl bromide gives methylmalonic ester (diethyl 
methylmalonate), without external heating, in about 80% yield [2]. 
The substituted malonic esters may be hydrolyzed to the acids which, having 
two carboxyl groups on one carbon atom, are readily decarboxylated on being 
heated (cf. B-keto-acids, p. 296): 


a COxEt pCO R 
hydrolysis > heat nie 
R' CO2H -COp R CO2H 


R'~ ~CO,Et 


The ease of all these reactions, together with the ready availability of malonic 
ester, makes this a convenient synthetic method for aliphatic acids of the types 
RCH,CO.H and RR’CHCO.H from halides containing the groups R and R’. For 
example, pelargonic acid (nonanoic acid) can be prepared in about 70% yield 
from 1-bromoheptane [2]: 


CO2Et CO,Et 
A i= Ann KA 
COO + CO2Et CO,Et 
Br 
CO3H 
A)KOH 180 °C 
2) Ht CO3H "CO, “C0. 


Acids of these types can also be made by the direct alkylation of ethyl acetate 
with LDA as base, 
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O e 0 er O 
1) LDA 1 
ses R ee R 


R' 


followed by hydrolysis of the ester. The success of this method derives from the 
fact that the ester is fully converted into the enolate so that the competing Claisen 
condensation does not occur. Nevertheless, although this procedure is shorter 
than that via malonic ester, the latter is often used in preference owing to the 
expense of LDA and the need to use special techniques to avoid water or oxygen 
coming into contact with it (see also p. 239). 

Malonic ester may also be used for the synthesis of three- and four-membered 
alicyclic compounds from dibromides, e.g. 


Br CO.Et 
co. 1) KOH 
et oe E10” COZEt 2H 
x ( ere CO.Et —— sro CO>H 
COLEt COzEt 9) hea 
Br Br 80% 


When malonic ester or a monoalkylated derivative is treated with iodine in 
the presence of a base, reaction occurs to give a tetrabasic ester. A probable 
mechanism is: 


4 CO2Et ELO7 Ort lb | COZEt 

R~ ~CO,Et R~ ~CO,Et 1 RY ~COQEt 
COLE CO2Et 2 

; ai ’ ace 4 gue POLE 

R’ ~COQEt R™ ~CO2Et 


Et0,C CO, Et 


Hydrolysis and decarboxylation give succinic acid or a symmetrical dialkyl 
derivative: 


CO,Et R 
R 4) KOH 
EtO0,C . HO 
Et0,C ee R 


The reaction of malonic ester and its monoalkyl derivatives with bromine or 
chlorine in the presence of base is different from that with iodine: reaction stops 
at the first stage and the bromo- or chloro-derivative may be isolated (cf. the 
readier reaction of nucleophiles with alkyl iodides than with bromides or chlorides, 
p. 103): 


RCH(CO,Et), 22=  — RC(COzEt) ee RE(CO2E!2 


Br 


The products are useful intermediates in the synthesis of a-amino acids (p. 326). 
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(ii) Acetoacetic ester. Like malonic ester, acetoacetic ester can be mono- and 
di-alkylated by alkyl halides in the presence of base. 


R 
CO,Et = FIO Ncoet PKL CO.Et 
a aa : E107 +o : me : 
fe) re) O 
R RR 
° = RX 
=o. \pScouet — Scout 
fe) O 


The products undergo two types of hydrolytic cleavage, depending on the con- 
ditions. Dilute acid leads to hydrolysis of the ester group and the resulting B-keto- 
acid loses carbon dioxide (p. 296): 


RR RR Rr 
S40 H30* Wt heat NA 
—_—— prmahahcahln R 
-CO2 
0 O Oo Oo QO 


Sodium hydroxide solution, on the other hand, induces scission of a carbon- 
carbon bond in the reverse manner of the Claisen reaction: 


R R HOR R' R R' 
OH” ne 
CO.zt == Qrcoet == CHsCO,H + CO2Et 
fe) Oo 
RR 


=— CH3COz * H CO2Et 


The equilibria are favourable to the products as the result of the stability of the 
acetate ion. 

It is therefore possible to make from acetoacetic ester both methyl ketones of 
the general type CH;COCHRR’ and acids of the type CHRR’—CO,H. The 
former is the more useful process, for the compounds obtained in the latter 
process may be contaminated with by-products derived from the ketonic scission 
and they are therefore more suitably prepared from malonic ester. 

Other B-keto-esters, of the types RCOCH,CO,Et and RCOCHR’CO,Et, 
react analogously, providing routes to ketones of the types RCOCH,R’ and 
RCOCHR’R". These could also be prepared from other ketones by using LDA, 


e.g. 
R. Me = 1) LDA R ; 
T 2) RX OR 
ce) oO 
but the longer method via the B-keto-ester is still often preferred, for one or more 


of three reasons: LDA is expensive and difficult to handle; enolates from mono- 
functional compounds are so strongly basic that elimination occurs with both 
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secondary and tertiary halides and alkylation is only successful with methy! and 
primary halides (p. 234), whereas the much less basic enolates from keto-esters 
can be alkylated by secondary halides are well; and LDA may not provide the 
required regiochemical control. For example, the reaction 


, 4) LDA A+R 
< e rae R I R 


would not be efficient owing to competitive methylation at the alternative CH, 
group; it would be more efficient to use the keto-ester route, 


R' Me R' Me 
Mel - E107 DH : 
R COQEt ———e R COLEt Dheat R R 
ce) ie) ce) 


since there is then no alkylation at the less strongly activated CH2 group. 

Like malonic ester, acetoacetic ester and its monoalkyl derivatives undergo a 
base-catalyzed reaction in the presence of iodine. Hydrolysis and decarboxylation 
of the products give y-diketones: 


R R 1 oR 
Eto” = | 
Sco ; Scouts rae Scone 
O O O 
R 
Scone Oo R CO,Et . Oo R 
fe) j 1H 
e 2.o Gana 
EtO.0C R O R O 


Unlike malonic ester, acetoacetic ester does not form a four-membered alicyclic 
compound with 1,3-dibromopropane. The first alkylation occurs normally, but the 
second, involving ring closure, occurs on oxygen instead of carbon for, although 
the latter is favoured in intermolecular reactions (p. 233), it is here made less 
favourable by the fact that a strained four-membered ring would be formed 
whereas O-alkylation gives a six-membered ring: 


Br. 
EtO™ Eto” 
cot . Br7 Br Joe CO,et Meola 
oO re) 
Br Br. 
< “ 
re) e —_ , sical O ZA 


CO,Et 4 CO,Et COZEt 
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7.5 
Addition of 
enolates to 

activated 
alkenes 


(iii) Alkylation of dianions. A compound which possesses two activated CH 
groups of markedly different acidity is alkylated exclusively at the more acidic site 
when one equivalent of a base is used, e.g. 


Me 


Mel - EtO™ PA 


Oo oO Oo 0 


This is because, although the alternative enolate PhCOCH,COCH;, stabilized by 
only one —M group, is the more reactive, it is present in negligible concentration. 
However, if two equivalents of a very strong base are used, the dianion is formed; 
mono-alkylation then occurs at the alternative, more basic, carbon atom. 


we NAN we Me 
Oo O 


Although enolates, in common with other nucleophiles, do not react with simple 
alkenes, they do so if the C=C bond is conjugated to a group of —M type. 
The reason is that the anion formed by addition, and therefore the preceding 
transition state, is then stabilized sufficiently by the delocalization of the charge 
on to an electronegative element for addition to occur at a practicable rate, e.g. 


CO.Et = CO,Et _ CO,Et ot 

? x t t 
ee a anlage £10,607 YAY oe 10,67 YS 
fe) Ph O Ph O 


The adduct formed may react with a proton on acidification at either carbon or 
oxygen but since the resulting tautomers equilibrate rapidly in the presence of 
acids and the keto-tautomer is the more stable, this is the product which is 
isolated. The overall reaction between malonic ester and ethyl cinnamate is 


CO.Et es COzEt 
Eto” 
Ph 


EtO.C a 


These additions to activated alkenes are usually referred to as Michael reactions, 
a name which was originally applied to those reactions involving the enolates from 
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acetoacetic and malonic esters. The alkene may be activated by conjugation to 
carbonyl, ester, nitro, and nitrile groups, and the enolate-forming component may 
be a bifunctional compound such as malonic ester, or a monofunctional com- 
pound such as nitromethane, e.g. 


Ph - 
CHyNO, + co: “822. on ~~ c0,£t 
Ph 


Michael addition may follow spontaneously the reaction of an aliphatic alde- 
hyde with malonic ester (p. 225), 


R R R 
eg COPEL —_{EtO") COEt —_CHa(CO2Et2 Et0.C CO.Et 
Oe “HO = (E107) 
COzEt CO,Et EtO.C CO.Et 


Hydrolysis and decarboxylation of the products give (substituted) glutaric acids: 


A 1) KOH R 
EtO,C COL ayn! Hoc cot 


heat 
Et0,C  COBEt oe 


Michael addition to an af-unsaturated ketone may be followed by an intra- 
molecular Claisen condensation, e.g. [2]: 


oO 
EO, oT {E107 
EtO,C e 
E10,C P Bice: 
fe) fe) 
(E10~) 1) hydrolysis 
-EtOH EtO,C 2) heat 
fe) re) 


7.6 
Reactions 
involving 
Acetylene and its monosubstituted derivatives are markedly more acidic than alkynes 
alkenes and alkanes and are able to take part in base-catalyzed reactions with 
both carbonyl-containing compounds and alkyl halides. A strong base is necessary 
and amide ion in liquid ammonia is commonly used. The typical reactions are: 


R—==—-H + NH = R=" + NH 


“N’ cS 


— RSC + x" 


Xx 
NN cH — R—==—C-0 
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In the usual reaction conditions, sodamide is first formed by treating liquid 
ammonia with sodium metal in the presence of a catalytic quantity of an iron(t1) 
salt. (In the absence of the iron(im) salt the formation of sodamide, Na + NH; — 
NaNH, + 4HD, is very slow and the solution contains solvated electrons which 
are powerfully reducing, p. 637.) The alkyne is then passed into the ammonia 
solution, the alkyne anion being formed by the acid-base equilibrium above. Pre- 
formed sodamide or potassium amide may also be used. 

An alternative method is to pass the alkyne into liquid ammonia and then to 
add sodium at such a rate that no blue colour develops for any length of time. 
This method has the disadvantage that one-third of the alkyne is reduced to the 
corresponding alkene, e.g. 


3 H—==—H + 2Na — 2Nat ~ ==—H + — HyC=CH2 


(g) Reactions with alkyl halides 


The reaction is successful only with halides of the type RCH,CH>Hal, i.e. those 
in which there is no branching at the a- or B-carbon atoms. Good yields are then 
obtained, as in the formation of 1-hexyne from acetylene and butyl bromide 
(70-77%) [4]: 


As usual in nucleophilic displacements on halides, the order of reactivity is 
iodide > bromide > chloride. Use may be made of this fact when selectivity is 
required; an example occurs in the synthesis of oleic acid: 


partial 
POI iG pes Be CO,H reduction 
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(b) Reactions with carbonyl groups 


Alkyne anions react with aldehydes and ketones to form a-acetylenic alcohols, 
e.g. [3], 


; Ca y 
Nos eee EL \¥ at YF 


oO oO OH 


Copper(t) acetylides are made by treating acetylene or its monosubstituted 
derivatives with an ammonia solution of a copper(i) salt. Those from mono- 
substituted acetylenes are unreactive towards halides and carbonyl groups but that 
from acetylene itself reacts readily. Since copper(1) acetylide, unlike sodium 
acetylide, is not decomposed by water, reactions may be conducted in aqueous 
solution and this makes for both ease of handling and economy. Many com- 
mercial products are derived from the reaction between copper(i) acetylide and 
two molecules of formaldehyde, including tetrahydrofuran, butadiene (for syn- 
thetic rubbers), and adipic acid and hexamethylenediamine (the constituents of 
6.6-nylon). 


+ 
H—==—H + 2CHO HINO Locy, == CHO 
reduction 
idati HO. 
HO,C7 ~~ CO2H oxidation Von Soe) ( \ 
280 °C oO 
succinic acid 1) HBr tetrahydrofuran 
[3% 
sodium 
NC phosphate 
eS on | 280 °C 
orf 
hydrolysis butadiene 
NH 
HOC co,H HN SN? 
adipic acid hexamethylenediamine 
H Oo H 


a a aa aa 


6.6-nylon 
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7.7 
Reactions 
involving 
cyanide 


Hydrogen cyanide is isoelectronic with acetylene and, like acetylene, it is a weak 
acid whose anion may be generated by base and is reactive towards alkyl halides 
and carbonyl groups. It is usually more convenient to introduce the cyanide as 
cyanide ion (e.g. NaCN) rather than as hydrogen cyanide. 


(a) Reactions with alkyl halides and sulfonates 


Primary and secondary halides and sulfonates undergo nucleophilic displacement 
to give the corresponding nitriles: 

no “clk = —+ nec + x 
Tertiary compounds do not yield nitriles but undergo elimination to give alkenes 
(cf. the reactions of other nucleophiles). 

These reactions provide a way of extending aliphatic carbon chains by one 
carbon atom. The following transformations of the nitrile are useful. 

(1) To carboxylic acids, by hydrolysis. An important example is the synthesis 
of malonic acid, and hence malonic ester, in 75-80% yield from chloroacetic acid 
[2]. Chloroacetic acid is first converted into its sodium salt (or otherwise the 
addition of cyanide ion would liberate hydrogen cyanide), displacement with 
cyanide ion gives sodium cyanoacetate and alkaline hydrolysis yields sodium 
malonate. The addition of calcium chloride precipitates calcium malonate from 
which malonic acid is liberated by treatment with hydrochloric acid. 


cl ci 
OH CN . OH” 3 WANA 
Seon ae ee = a —- ~-0,0~ co; 


cat “0,07 co; Ca 2H4A Hoye co,H +) CaCh 


(2) To amines, by catalytic reduction (—CN — —-CH,NHp, p. 661). 
(3) To aldehydes, by Stephen reduction (p. 665). 


1) HCI- SnClp 
2) H20 


R-=N R-CHO 

Aryl halides do not react readily with cyanide ion unless the aromatic nucleus is 
especially activated towards nucleophilic attack (p. 400). For example, 2,4-dinitro- 
chlorobenzene gives 2,4-dinitrobenzonitrile readily, but to obtain benzonitrile it is 
necessary to treat bromobenzene with anhydrous copper(1) cyanide at 200°C in 
the presence of pyridine or quinoline: 


PhBr ON ERNE PhCN 
200°C 


In general, it is more satisfactory to prepare aromatic nitriles through aromatic 
diazonium salts (p. 413). 
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(6) Reactions with carbonyl compounds 


Hydrogen cyanide adds to aldehydes and ketones to give cyanohydrins (a- 
hydroxynitriles): 


0 a oH 
AL + HCN —= ie ae 


One of the first mechanistic studies in organic chemistry concerned this reac- 
tion. Lapworth discovered in 1903-4 that the reaction is catalyzed by base, and 
he rationalized this by suggesting that the reactive species is the cyanide ion: 


R 


HCN + OH” === CN” + HO 


The complete reaction therefore corresponds to those in which other carbanions 
react with carbonyl compounds: addition of cyanide ion to the carbonyl group 
gives an oxyanion which, by abstracting a proton from hydrogen cyanide, gener- 
ates a further cyanide ion: 


fe) 
= R HCN R = 
“nn AON CN cn * ON 
Typical examples of cyanohydrin formation are the preparation of glycolonitrile 
(c. 76%) from formaldehyde [3], 


0 3 OH 
KCN H30 ——— + KOH 
Pas + + We ar 


and of acetone cyanohydrin (77%) from acetone in a similar manner [2]. 

As usual in addition reactions at carbonyl groups, aldehydes are more reactive 
than ketones, partly beause of the unfavourable inductive effect of the second 
alkyl group in a ketone and partly because of the increased steric hindrance in 
addition to ketones. For example, diisopropy! ketone does not react. In the 
aromatic series, alkyl ary! ketones react unless the alkyl group is particularly 
bulky or the aromatic ring has large ortho-substituents, but diaryl ketones such as 
benzophenone are inert. Aromatic aldehydes behave anomalously (see p. 246). 

Activated alkenes react with cyanide in the manner of the Michael addition, 


e.g. [2]: 


H 


oO Ph O 


ae eet 2° GN SS ie 


It should be noted that the C=C bond is reactive enough for addition to occur 
readily in acidic conditions, a process probably helped by protonation of the 
carbonyl oxygen (p. 89). The product, which contains a carbonyl group, is inert 
to further addition in these conditions but if the solution is allowed to become 
basic a second molecule of hydrogen cyanide is added. 

Cyanohydrins are of synthetic value because of their ready conversion by 


24! 
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hydrolysis into a-hydroxy-acids or esters. For example, (+)-lactic acid may be 
obtained from acetaldehyde, 


? H i H3,0° 7" 
IS 
set On hee ee tot 
()-lactic acid 


and methyl a-methacrylate (polymerization of which gives Perspex) may be ob- 
tained from acetone cyanohydrin by treatment with sulfuric acid in methanol, 
which brings about both esterification and dehydration: 


OH 
MeOH - HySO, ne 
hon 2” ~CO.Me 

methyl! o-methacrylate 


The reaction of an aliphatic aldehyde with sodium cyanide in the presence of 
ammonium chloride gives an a-amino-nitrile (p. 308); hydrolysis gives an a-amino 
acid (Strecker synthesis, pp. 308, 329), e.g. 


ie) NH, n NH, 
J NaCN - NH,CI ih H30 ul 
Me Me~ ~CN Me~ ~CO2H 
(4)-alanine 


(i) Aromatic aldehydes. These do not form cyanohydrins but instead undergo 
the benzoin reaction. Benzaldehyde and sodium cyanide in ethanol give benzoin 
itself in about 80% yield [1]: 


OH 
Ph : 
ae (CN) Pr en 
i) fe) 


benzoin 


Reaction occurs through the cyanide addition product which, by base-abstraction 
of a proton from the a-carbon, gives a carbanion; this reacts with a second 
molecule of the aldehyde and hydrogen cyanide is then eliminated. 


ne CNT at H H20 a Ho HY 


OH OH 
re oo OH OH 
-HCN 
—_ Ar nog A ‘Ar 120 oe a ‘Ar ae Ar Ar 
"OH "OH fe) 


Cyanide ion owes its ability to effect this reaction to two properties: first, it is a 
reactive nucleophile; second, the cyanide group, by its capacity to delocalize the 
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negative charge on the carbanion, assists the formation of this species. The 
difference between aliphatic and aromatic aldehydes is ascribed to the fact that 
the further delocalization of the negative charge over the aromatic ring provides 
sufficient extra driving force for the reaction to occur. 


OH ys OH OH OH 
Of = O¢- O¢- Of 
CN \ C 
NN ‘Nn’ \, 
Vitamin B, (thiamine) brings about similar reactions both in the laboratory and 


in living organisms. The activity is due to the thiazolium ring whose C,-hydrogen 
(shown) is acidic enough to exchange with deuterium in heavy water. 


NH, BF Me 
mis 
i NE Us Lon 


thiamine bromide 
H D 


ws “at af S D20 ws 
na HO R7 a D anil 


The carbanion intermediate evidently owes its relative stability (compared, say, 
with that of the anion formed by ionization of the methylene group adjacent to 
the quaternary nitrogen) to a combination of the presence of an adjacent positive 
pole and the fact that the charge resides on unsaturated carbon (p. 48). It brings 
about the benzoin condensation in a manner completely analogous to cyanide ion, 
to which it bears a close resemblance: 


oO 0 OH 

e 

+ al ee A ae. A 
R7- wr an an -OH R7 a H 
OH OH o 060 OH 
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The principle of this method has been exploited in a procedure for effecting 
aliphatic condensations: the thiazolium cation 


rs 
eee 


is used. For example, the condensation 


2 H 
“Ss 5 


occurs in about 70% yield in the presence of the thiazolium cation and Et3N [7]. 


1. How would you employ base-catalyzed reactions in the synthesis of the 
following compounds? 


(a) Ph oO Ph (b) Ph. co,H 
se 
(c) aaa (4) i icc 
0 Oo COnH 
(e) be COH (f) Ph 
os NO 
(g) Ay (A) AA 
fe) fe) 
(i) Bay (/) Tara 
fe) 
(k) () 
Jez er 
(m) Me = Me (n) Me H 
: ue : ee 
(0) fe) 


(p) OO 
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2. What products would you expect from the following reactions? 


(a) 


(6) 


(c) 


(d) 
(¢) 


(f) 
(g) 


on 


oO 
90 
‘ys OH™ 
ie) 
ie) 
EtO 
a + vs OEt [3(e) 
ie) oO 
EtO20. ™~ CO-Et E10" 


ps + CH,O EtO™ 
fe) 


Eto” 
E10,c~ ~CO,At + ACN 7 


3. Account for the following: 


(i) 
(it) 


(iii) 


(iv) 


Amongst simple reagents, only cyanide ion catalyzes the self- 
condensation of benzaldehyde. 

Although diethyl succinate undergoes self-condensation with base, it 
may be successfully used in the Stobbe condensation to react with 
aldehydes and ketones. 

When ketones containing a-hydrogen react with esters, the product is 
that derived by displacement of alkoxide ion from the ester by the 
enolate from the ketone. However, when the ester is ethyl chloro- 
acetate, the product is that derived by addition of the enolate from the 
ester to the carbonyl group of the ketone. 

2,4,6-Trinitrotoluene reacts with benzaldehyde in the presence of 
pyridine, but toluene does not. 

The thiazolium ion 


Ph~ wit 


a) 


$s 


catalyzes the reaction, 


fe) fe) 0 ‘ 
ie 
Awan 20020 cy 


OH 
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4. How would you employ LDA in the following conversions? 


(a) a eee es a 


O O OH 
Me 
(0) Ph PR 
Le Sy 
(c) Me 
(2) fe) 
re) 
pv O O 
(e) 9 O OH 


Formation of aliphatic 
carbon—carbon bonds: 
acid-catalyzed reactions 


The principle which is applied in acid-catalyzed reactions is the generation of an 
electrophilic species, with the aid of an acid, in the presence of a nucleophile with 
which the electrophile then reacts. 

The electrophile may be obtained either from an alkyl or acyl halide by 
treatment with a Lewis acid, e.g. 


Mec! ¥ AI —= — MexCt AICI 


or, more commonly, by the addition of a proton to a double bond. The double 
bond may be C=C, as in the dimerization of alkenes, e.g. 


a 
Eon + H CH 


or a carbonyl group, as in the self-condensations of aldehydes and ketones, e.g. 
H 


H H 
Xo + Ht — Adu iatars te 


The electrophile in the Mannich reaction (section 8.6) is generated from an 
aldehyde and an amine in the presence of an acid, e.g. 


aft + + -H2O + + 
MegNH © CH»=OH = —> Me2N-CH»—OH —=- MeN=CH, == Me N-CH, 


The nucleophile may be an alkene, an enol, or, in some applications of the 
Mannich reaction, a compound of related type such as indole. A typical example 
is the reaction of ethylene with t-butyl chloride in the presence of aluminium 


trichloride, 
vee A» earn She oe Es 
TAC AIC Cl 
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8.2 

The self- 
condensation of 
alkenes 


The ensuing discussion delineates the various combinations of electrophile and 
nucleophile which are of value in synthesis. 


The treatment of isobutylene with 60% sulfuric acid gives a mixture of 2,4,4- 
trimethyl-1-pentene and 2,4,4-trimethyl-2-pentene. Reaction occurs by the pro- 
tonation of one molecule of the alkene to give a carbocation which adds to the 
methylene group (Markovnikov’s rule) of a second molecule; the new carbocation 
then eliminates a proton: 


Or a a 
a aes 


4 parts 1 part 


The conditions must be carefully controlled. When dilute sulfuric acid is used, 
the first carbocation reacts preferentially with water to give t-butyl alcohol, 


+ i + 
Mect 122. Me c-OH, te Me,C-OH 


and if more concentrated acid is employed, the second carbocation reacts with a 
further molecule of isobutylene, 


a CON 


and further polymerization can occur. The concentration of the basic species water 
must be such that the simple hydration reaction is minimized while sufficient 
water is present to favour removal of a proton from the dimeric carbocation over 
further addition of alkene. 

This discussion indicates the difficulties necessarily present in effecting the 
dimerization of an alkene. Nonetheless, the example cited is of great industrial 
importance: the mixture of pentenes is reduced catalytically to 2,2,4-trimethyl- 
pentane (isooctane), used as a high-octane fuel. 

In a modified procedure, isooctane is obtained directly from isobutylene and 
concentrated sulfuric acid by carrying out the reaction in the presence of isobutane. 
Dimerization occurs as above, but the resulting carbocation, instead of eliminating 
a proton or reacting with more isobutylene, abstracts hydride ion from isobutane: 
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Bek 


A new t-butyl! cation is produced and adds to isobutylene so that a chain reaction 
is propagated. 

Dienes undergo acid-catalyzed cyclization provided that the stereochemically 
favoured five- or six-membered rings are formed. The example chosen is the 
conversion of y-ionone into a- and B-ionone, the second of which was used in a 
synthesis of vitamin A: 


0 0 O 
+ 
Cone ‘oar os 


y-ionone 
(@) (@) 
+" eae Sen 
—-_ + 


a-ionone f-ionone 


The names of Friedel and Crafts were originally associated only with the alky- 
lation and acylation of aromatic systems in the presence of Lewis acids (section 
11.3), e.g. 


AIClg 


PhH + Me,C-Cl “Ficr Ph—CMe, 
PhH Me. .Cl AIClg Me. Ph 
7 TY “HCI o 6 
O O 


These reactions are fully discussed in chapter 11. Analogous processes occur with 
alkenes, although they are not so widely applicable. 


(a) Alkylation 
The simplest example of an efficient alkylation is the preparation of neohexyl 


chloride (75%) from t-butyl chloride and ethylene at about ~10°C in the presence 
of aluminium trichloride: 


8.3 
Friedel—Crafts 
reactions 
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St AIC + CH=CH, Ss 
cl AIC 
ws SONA = Sok 


Several side reactions are normally encountered in alkylation. First, alkenes are 
often isomerized by aluminium trichloride. Second, alkyl halides may rearrange, 
e.g. propyl chloride gives isopropy! derivatives (cf. p. 364). Finally, the halide 
produced may react further. These problems do not arise in the example cited 
because ethylene cannot isomerize, t-butyl halides are not rearranged by Lewis 
acids, and the primary halide product is far less reactive than the tertiary halide 
towards aluminium trichloride. It must be emphasized, however, that the synthetic 
utility of alkylation is restricted. 


(b) Acylation 


The acylation of an alkene is brought about by an acid chloride or anhydride in 
the presence of a Lewis acid. As in aromatic Friedel-Crafts reactions (section 
11.3), the electrophilic reagent can be either a complex of the acid chloride and 
Lewis acid or an acylium cation derived from it, e.g. 


R_ CCl R__Cl 
TY +  AICls = Ie 


R 
—= Vt aici 
2 ict, e 
Addition of the electrophile to the alkene can be followed either by uptake of 
chloride ion to give a B-chloroketone, e.g. 


R = 
an \ Se rm is aa 
O 2 fe) 


or by elimination, via a 1,5-hydrogen shift (p. 291), to give a Py-unsaturated 
ketone. The latter then rearranges by a prototropic shift, catalyzed by the released 
acid, to the more stable conjugated ketone, e.g. 


R R ; " 
Kw = xy aponees ~ 
Oo}, HOt | +H fe} 


Since the B-chloroketone undergoes ready base-catalyzed elimination, both routes 
lead to the af-unsaturated ketone. If the By-unsaturated ketone is the required 
product, reaction is carried out with a pre-formed acylium salt in the presence of a 
weak, hindered (i.e. non-nucleophilic) base to take up the acid as it is formed. It 
is thought than an ‘ene’ reaction (p. 295) occurs, e.g. 
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R 

Noy OF aOR 
i, cil l 
of}, HO O 


Acylations suffer from the same disadvantage as alkylations in that the alkenes 
are rearranged by aluminium trichloride and it is therefore usually more satisfac- 
tory to use a less vigorous Lewis acid such as tin(iv) chloride. However, the 
other side reactions ecountered in alkylations do not apply: the acid halides and 
anhydrides do not rearrange and the products are much less reactive than the 
starting materials. Acylation is therefore a useful synthetic process, as illustrated 
by a synthesis of (+)-thioctic acid:* 


B4 SS aaa AlCl, | PS ee Nee 
(@) ce) 
Se ee 1) SOC, PhCH,S COEt 
Pi -K 
bi 2) 2 PRCH2SH - KOH SCH,Ph 


Na- NH, HSN 0 O% CSO Se 


S-S 
SH 
(4)-thioctic acid 


8.4 
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The treatment of an alkene with formaldehyde in the presence of an acid gives a__ Prins reaction 


1,3-diol together with the cyclic acetal derived from this and a second molecule of 
formaldehyde: 


CH=0 + Ht === CH,=dH == ¢H,-OH 


R R R R 
R 
cH, AeR Ho oy oe cy 
ty — =o 20 
HO R OH H OH OH 2 0.0 


Ethylene itself requires very vigorous conditions for reaction, but alkylated 
alkenes, which are more reactive towards electrophiles, react fairly readily. 
Alkenes of the type RCH==CHR give mainly 1,3-diols in low yield, whereas 
those of the types RCH==CH, and RxC==CH} give mainly acetals (1,3-dioxans), 


*Thioctic acid (lipoic acid) is a cofactor in the physiological oxidative-decarboxylation of pyruvic acid 
to acetic acid: 


12 O, 
———— 


CHsCOCO,H CH;COH = +-~— CO 
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often in good yield. For example, 4-phenyl-1,3-dioxan can be isolated in about 
80% yield by refluxing a mixture of styrene, 37% formalin, and concentrated 
sulfuric acid [4]: 


Ph # ae ok Pi 


8.5 

Reactions of 

aldehydes and 
ketones (a) Self-condensations 


Aldehydes and ketones which are capable of enolization undergo self-condensation 
when treated with acids. The acid has two functions: first, it enhances the reac- 
tivity of the carbonyl group towards the addition of a nucleophile (p. 89), e.g. 


De, te Zh i 

0 = Aw on 

Second, it catalyzes the enolization of the carbonyl compound, e.g. 
H H 


H 
~o = HoABy == Aon 


A molecule of the enol then reacts with a molecule of the (activated) carbonyl 
compound, 


OH 
+ 
H -H20 
2AAo — AArvou a AAon ees 
+ + : 
[~AA.on —_— OH = Abul euies “yo 


A ketone which possesses at least one hydrogen atom on each of its a-carbon 
atoms can react further. For example, when acetone is saturated with hydrogen 
chloride, a mixture of mono- and di-condensation products is obtained: 
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a \ of A a in a a 

* G HO O -H20 0 

The yields in these acid-catalyzed aldol condensations are usually low, and the 
base-catalyzed process is normally preferred. However, in some instances the 
processes give different major products, and the acid-catalyzed method may then 
be appropriate. For example, the base-catalyzed reaction of benzaldehyde with 


butanone gives mainly product (a) whereas the acid-catalyzed reaction gives 
mainly (b): 


Be + Be ahaa: Stet ZN + mA 
.e) fe) 


ce) 


(a) (b) 


The reason is that, in the former, equilibria are established with the two possible 
aldol adducts and the major product is determined by the ease of dehydration of 
each to give an aryl-conjugated product; this favours (a) since the enolate (c) is 
formed faster than the more substituted enolate (d) (p. 208): 


Ph Ph A Ph 


OH” =e S 
OH O OH O OH O- 
() 
Ph OH™ Ph . igs! PHA, 
OH O OH O OH O- 


(0) 


In contrast, in acidic conditions the critical step is not dehydration but formation 
of the new C-——C bond, and the regioselectivity is governed by the more rapid 
formation of the enol (e), which is a 1,2-dialkylated alkene, than (f), which is 
monoalkylated: 


al 
AY OH 
+ A (e) 


i ie 
OH 
O) 


Finally, some acids give cyclic polymers with acids, for example, acetaldehyde and 
a little concentrated sulfuric acid give the cyclic trimer, paraldehyde, and some of 
the cyclic tetramer, metaldehyde: 
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H2S0q pan 


3 CH3CHO et 


O 
4.CH,CHO Bac ies YY 9 


Polymerization is reversible and the aldehyde may be recovered by warming 
with dilute acid. Formaldehyde yields a solid polymer, paraformaldehyde, on 
evaporation of formalin, 


H20 
n CH,0 ew. HO” 0“ 00“ ot oF Soon 


and treatment with sulfuric acid gives trioxan (trioxymethylene): 


fe) 


HySO > 
3 CH2O aot S 0 


Formaldehyde and acetaldehyde are conveniently stored in the form of parafor- 
maldehyde and paraldehyde, respectively; treatment with dilute acid immediately 
before use or in situ generates the free aldehyde. Ketones do not form analogous 
oxygen-linked polymers, but treatment of acetone with concentrated sulfuric acid 
gives mesitylene (1,3,5-trimethylbenzene). 


(b) Crossed reactions 


As in base-catalyzed reactions, crossed reactions between two carbonyl com- 
pounds each of which can enolize are likely to result in a mixture of four 
products. However, if only one of the two compounds can enolize and the other 
has the more reactive carbonyl group, a single product may be formed in good 
yield. 

An example is the reaction between acetophenone and salicylaldehyde, ca- 
talyzed by anhydrous hydrogen chloride; only the former compound can enolize 
and the latter has the more reactive carbonyl group. Condensation is followed by 
acid-catalyzed reactions to give an oxonium salt which is the parent of the 
anthocyanidin system:* 


* Oxonium salts normally exist only in solution. The stability of the anthocyanidin cation results from 
the aromatic character of the six-membered conjugated oxonium ring which contains six n-electrons. 
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CHO 
OS 
-H2O 
OH "07sPn te ie Ph 
ci iy sae 

re) 5 
Su, 


The application of this synthesis to the formation of the naturally occurring 
anthocyanidins and anthocyanins is described later (p. 714). 


(c) Reactions between ketones and acid chlorides or anhydrides 


Reactions can also be effected between ketones and compounds with very reactive 
carbonyl groups such as acid chlorides and anhydrides. Aqueous conditions must 
be avoided to prevent hydrolysis of the chloride or anhydride and it is convenient 
to use a Lewis acid to catalyze the enolization step, e.g. 


yey 2x 
2 BF Oc gr, 


2,4-Pentanedione can be obtained in this way by passing gaseous boron tri- 
fluoride into a mixture of acetone and acetic anhydride, adding copper(t) acetate 
to precipitate the product as the copper(it) derivative of the enol, and reconverting 
this into the pentanedione with acid [3]. The yield (80%) is considerably higher in 
this case than in the alternative base-catalyzed process from acetone and ethyl 
acetate (p. 229). 

As in the aldol reaction, the acid- and the base-catalyzed methods give mainly 
different products with unsymmetrical ketones, e.g. 
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cae Yor 
Nr 


MeCO>zEt - Et1O ie alk R 


Oo Oo 


(d) Reactions of 2-methylpyridine and related compounds 


2-Methylpyridine reacts with aldehydes in the presence of zinc chloride which 
catalyzes its conversion into the nitrogen-analogue of an enol, e.g. 


S ZnCl Colon & ae Glee 2 a 
zZ = +y N N5 


N 
so ' JrCl, 


_ Oo + S OH S 
—- Gwe a ers “ Cle 
N Ph N Ph N ~Ph 
Similar reactions occur with 4-methylpyridine, 2- and 4-methylquinoline, and 1- 


methylisoquinoline, each of which can undergo the corresponding acid-catalyzed 
reaction, e.g. 


H 
ds 
S Ss 
ly = oi i 
N. - 
NZ ~ZnCly 
n Src 


ZnClo 


The other methyl derivatives of these heterocyclic compounds are either unable to 
form the analogous methylene derivatives (e.g. 3-methylpyridine) or fail to do so 
because the loss of aromatic stabilization energy on enolization is too great, e.g. 


oO 
(4 
ZnCl, ZnCla 


(non-benzenoid) 


The quaternary salts of the enolizable methyl derivatives of heterocyclic com- 
pounds undergo analogous reactions merely on being heated. A particularly 
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useful example is the synthesis of pinacyanol from 2-methylquinoline ethiodide 
and ethyl orthoformate: 


eer — ger or = Geese 
—— + 
NZ N NG NZ OEt 
= 3) | 
Et Et 


1 


Et EtO” ~OEt 


1 OL CI0-OA GO 
rene + a 
N7 O~7~N a <A 
1 
Et Et Et Et 


pinacyanol (cation) 


Pinacyanol and related compounds made by analogous routes have highly coloured 
cations and are used as photographic sensitizers. 


8.6 
Mannich 
Compounds which are enolic, or potentially enolic, and also certain alkynes, react reaction 
with a mixture of an aldehyde (usually formaldehyde) and a primary or secondary 
amine in the presence of an acid to give, after basification, an aminomethyl deriva- 
tive. For example, by refluxing a mixture of acetone, diethylamine hydrochloride, 
paraformaldehyde, methanol, and a little concentrated hydrochloric acid, and 
treating the product with base, 1-diethylamino-3-butanone can be obtained in up 
to 70% yield [4]: 


Ox H N aes 
be a + EtgNH, Cl” 120, all zea Soo? 


ie) 


(a) Mechanism 


The amine reacts with formaldehyde in the presence of acid to give an adduct 
which eliminates water to form an electrophile, e.g. 


+ + + 

HO. LH HO. NHEt, _ H__NEt, H_, NEt, 
CY :NHEt, —_—_— Wer ae. Bs —_ Ie 
H H H H 
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and the acid also catalyzes the conversion of acetone into its enol tautomer, 
+ + 
fe) HOt OH 


The enol then reacts with the electrophile and the resulting adduct tautomerizes 
to the amine salt, 


+ + 
HH. UNEt NEt NHE 
cl\ Rpt ne, i Oe id 5 ee te 


(5) Structural requisites in the reactants 


The amine may be primary or secondary. In the former case, the product, a 
secondary amine, usually reacts further, e.g. 


+ 


ne ; ee : NHR a0 Ron 


Oo H ie] 


ay Ox-H 
ie) 


R 
‘ 
PN Ny? 
ie) oO 
Ammonia may also be employed, usually resulting in three successive reactions, 


e.g. 
0. 


s 


NH, + 3CH,O + 3 Phe ston PhP 
O O 


fe) 


Ph 


The aldehyde is commonly formaldehyde, but higher aldehydes have been used 
successfully and several examples are given later. 

The third reactant may be an enol, a related compound, or any compound 
capable of undergoing enolization in the presence of acid. The more important 
classes of compound are the following; each is illustrated by the reaction of a 
typical member with formaldehyde and dimethylamine. 


@ Aldehydes 
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@ Ketones 
Ph eos Ph NM 
Y oa 


@ -Dibasic acids, B-cyano-acids, B-keto-acids, etc. 


CO2H Me. CO,H 
HO.C~ Me = HO,C7 ~~ Mee 


@ 2-Methylpyridine and related compounds (see p. 260) 


ro 


® Phenols,* 


~ of” 


e Furan, pyrrole, indole, and derivatives, * 


NMe. 
op - oO 
N N 
H H 


gramine 


(These last-named compounds are sensitive to acids (p. 358) and the Mannich reac- 
tion must be carried out in a weak acid, usually acetic acid, at a low temperature.) 

Phenylacetylene and some of its nuclear-substituted derivatives, although not 
enolic, also react, e.g. 


H + 
H eae 
Ph—===—-H + uo + NHMe 2 Tho” Ph 


NMe>, 


(i) Pre-formed immonium salts. The use of a pre-formed immonium salt avoids 
the need for an acid catalyst and thereby increases the scope of the reaction. The 
salts can be prepared in general by the reaction, 


*The mechanisms of reactions of electrophiles with phenols, furan, pyrrole, indole, and related 
compounds and the reasons for the preferred positions of reactivity in the nucleus, are discussed in 
chapter 11. 
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R 
\ 
R RR an 6 
Ri__Cl ae, ri (re e) 
TY + N._NR2 _—_ Ye 2 


0 fe) 


A widely employed reagent is Eschenmoser’s salt, prepared by heating the quat- 
ernary ammonium salt from trimethylamine and diiodomethane at about 150°C in 
tetrahydrothiophen dioxide: 


+ - o = 
MesN + CHolp ——= Me,N-CH,| 1 82S. Me=cH, I" + Mel 
Eschenmoser's 
salt 


It is believed that reaction occurs as follows: 


LN f1  —» ICH +) MeN=CHy 17 


Compounds which are moderately enolic react readily, e.g. 


OH H_NMe, 


re) fe) 
K ~ 108 ob Cyne 
CHoCle, 40 °C 


(c) Mannich bases as intermediates in synthesis 


The facts that the Mannich reaction is applicable to a wide range of compounds, is 
usually efficient, and gives products (Mannich bases) which undergo a number of 
types of transformation, give the process extensive applications in synthesis. The 
following are the more important uses. 


(i) Formation of af-unsaturated carbonyl compounds. The Mannich reaction 
normally gives the hydrochloride of the Mannich base (p. 261). These salts are 
usually stable at room temperature but those derived from aliphatic compounds 
undergo elimination on being heated, e.g. 


+ - 
R NHMe, Cl R 
ipo ae | ee 


0 12) 


The reaction is similar to the Hofmann elimination of a quaternary ammonium 
salt (p. 98), but whereas the latter process requires a strong base (hydroxide ion), 
Mannich base hydrochlorides undergo elimination readily because the double 
bond which is generated is conjugated with a second unsaturated group. 
Eliminations of this type have two uses. First, reduction of the C==C bond 
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(e.g. catalytically, p. 631) gives the next highest homologue of the ketone from 
which the Mannich base was derived: 


+ 
R Mannich cl 
> reaction A oe BeMea heat f YS reduction e Sie 


ie) 1) re) O 


Second, the quaternary salts of Mannich bases are latent sources of af- 
unsaturated carbonyl compounds required for condensation reactions. For ex- 
ample, for a base-catalyzed reaction utilizing butenone, it is better to employ the 
quaternized Mannich base from acetone, from which the unsaturated ketone is 
generated in situ by the action of base, than to use the free ketone, since this 
readily polymerizes. The best known example of this application is Robinson’s 
ring extension, used in building up the ring system of steroids. 


O Oo 


c= ob = co 
0 @) 071 0 O 


(ii) Replacement of the amino group. The Mannich bases derived from aromatic 
systems such as phenols and indoles are benzylic-type compounds and, as such, 
are particularly susceptible to nucleophilic displacements (Sy2 reactions). Ad- 
vantage can be taken of this to replace the amino group by other functions. For 
this purpose they are first quaternized, for a tertiary amine is a more labile leaving 
group than an amide ion. 


(1) An alternative to the synthesis of heteroauxin described previously (p. 189) 
employs the Mannich base from indole (gramine). Methylation with dimethyl sulf- 
ate followed by treatment with cyanide ion and then hydrolysis gives heteroauxin: 


+ 
NMe, NMeg 
N N 2) OH N 
H H 


CO,H 


H 
gramine heteroauxin 


(2) Gramine is also the starting material in a synthesis of tryptophan, one of 
the a-amino acids contained in proteins. The quaternized compound is treated 
with acetamidomalonic ester (p. 328) in the presence of base; the enolate displaces 
on the quaternary salt to give a compound which is readily hydrolyzed and 
decarboxylated to tryptophan: 
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8) fe) 
Mas Eto" oN 
e10,0P cone! E10,07 00,61 
fe) 


Hy 


NH, 
+ [@) CO,Et 
NMe3 HN A. CO.Et CO2H 
N E10,07*co,et IN IL es \ 
N -MegN N 2)H N 
H H 


H 
(t)-tryptophan 


(3) Benzylic systems are also susceptible to hydrogenolysis, 
ArcHxX Stl. arte + HX 


where X is an oxygen or nitrogen function (p. 643). 


(iii) The use of aldehydes other than formaldehyde: alkaloid synthesis. A num- 
ber of elegant syntheses of alkaloids have been based on the Mannich reaction, 
perhaps the most outstanding being Robinson’s (1917) synthesis of tropinone, 
required for the synthesis of atropine. The following mixture, on standing for 
several days at pH 5, gave tropinone in 90% yield.* 


coz NMe NMe 
CHO 2 
( HNMe O -2 H20 C02 2H" 
CHO -2CO2 
Coz CO; O ce) 
tropinone 


The synthesis consists of two Mannich reactions followed by the spontaneous 
decarboxylation of the dibasic B-keto-acid. Tropinone can be converted into 
atropine by reduction of the carbonyl group followed by formation of the ester 
with tropic acid: 


* Robinson’s synthesis was inspired by his consideration of the possible ways in which alkaloids such as 
atropine and cocaine may arise naturally. His successful synthesis of atropine in the mild physiological 
conditions of pH and temperature was the first example of a probable biosynthetic process achieved in 
the laboratory. It has since become apparent, by the use of radioactive tracer techniques, that 
Mannich-type reactions play a central role in the formation in plants of the heterocyclic systems of 
several groups of alkaloids. 
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NMe NMe HO, ALOH NMe 
Zn- HI ie] 
Ph 
(6) OH 


atropine 


This synthesis has been adapted to the syntheses of cocaine (from coca leaves), 


nS COMe MeN — ¢o,Me MeN CO,Me 
( HoNMe 1@) Ht 1) reduce 
CHO -2H20, -CO2 2) benzoylate Onn 
CO; , 


(+)-cocaine 


and pseudopelletierine (58-68%) (an alkaloid obtained from the root bark of the 
pomegranate tree) [4], 


CO,H NMe 
CHO 2,0, -2 CO fi 
C. HNMe ta) 2205-2 V2... 
CHO 
COH O 


pseudopelletierine 


(iv) Local anaesthetics. Both atropine and cocaine have certain anaesthetic 
properties, and an examination of a range of such compounds has indicated that 
the critical arrangement of atoms which is associated with local anaesthetic action 
is 


N 


a (cy, 


16) 


i.e. an amino function connected by a chain of carbon atoms to an alcoholic 
function which is esterified by an aromatic acid. These structures, where n = 2, 
can be obtained by Mannich reactions on ketones followed by reduction of the 
carbonyl group and esterification of the resulting alcohol, and compounds whose 
anaesthetic properties are as good as those of cocaine but which are less toxic 
have been made in this way. Tutocaine is a typical example: 


i alias + CHO + MeNH HO) S Aone _feduction 


oO oO 
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HN 
Sone Hn—{_\-co,H yom 
H fe) 


Oo 


tutocaine 


Problems 1. What products would you expect from the following reactions?: 


(a) “St c | A 


(e) H 
ae Af + CHO + HNMes —_ 


ie) 


(f) CHO Ph ei 
CG ¢ 


2. Outline synthetic methods for the following which make use of acid-catalyzed 


reactions: 
we o ON ney 
OH oO 
(c) Ph (d) NMe. 
(one) 
(f) Me 


(e) : Ph Cry” 


() 


OH 
OH 
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9 Pericyclic reactions 


9.1 
Cycloadditions 


(a) Diels—Alder reaction 


The reaction between butadiene and ethylene 


C+ ™ O 


is the simplest example of a general procedure for forming six-membered rings, 
developed by Diels and Alder, in which a conjugated diene reacts with a com- 
pound containing a C=C or C==C bond (a dienophile). The reactions are 
described as [,4 + ,2] cycloadditions, denoting the numbers of interacting 1- 
electrons in each component. They are normally brought about by heating the 
components alone or in an inert solvent, the temperature required depending on 
the structures of the reactants. 

Diels— Alder reactions have large negative entropies of activation, reflecting not 
only the loss of translational entropy when two molecules come together but also 
the high degree of ordering which corresponds to the mutual orientation of four 
atomic centres. However, the activation enthalpy is often small, so that rates of 
reaction are large even at moderate temperatures. The reverse reaction can often 
be brought about at high temperatures (i.e. as the TAS term becomes increasingly 
important). 

A brief account of these reactions in terms of frontier-orbital analysis was given 
earlier (section 4.8). A more detailed treatment of the interaction between the 
highest-occupied molecular orbital (HOMO) of one reactant and the lowest- 
unoccupied molecular orbital (LUMO) of the other will be given here. 


(i) The dienophile. Although the Diels— Alder reaction between butadiene and 
ethylene is successful (in low yield), it is generally unsatisfactory, or fails com- 
pletely, with other simple alkenes or alkynes. However, when the unsaturated 
bond of the dienophile is conjugated to a group of —M type, such as carbonyl, 
nitro, or cyano, reaction occurs under milder conditions and normally gives good 
yields. It is thought that this is because the substituent lowers the energy of the 
LUMO of the dienophile, thereby bringing it closer in energy to the HOMO of 
the diene and increasing the bonding interaction in the transition state. Sometimes 
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greater reactivity can be achieved by carrying out the reaction in the presence of a 
Lewis acid such as BF3, which complexes with the —M substituent and so serves 
to withdraw electrons even more strongly; such reactions can occur at room tem- 
perature or below. The following reactions of butadiene with various dienophiles 


are illustrative: 
CHO CHO 
oe at ©) 
SS 


100% 


H 
NO. oNO. 
al 2 450°C ere 
+ ——— | 
SS Ph =~Ph 


O+, BS 


(it) The diene. In order for reaction to occur, the diene must be capable of 
achieving the s-cis conformation which the formation of a six-membered ring 
requires. This is always possible for acyclic dienes but it can result in wide 
variations in reactivity. For example, cis-1-substituted butadienes are less reac- 
tive than their trans-isomers because the substituent in the former suffers steric 
crowding in the s-cis conformation which raises the activation energy: 


gue, crowding 
SH 


Cyclic dienes react only if they are of cis type; for example, 


ee 
fails to react. 


Just as the compatibility of the energies of the dienophile’s LUMO and the 
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diene’s HOMO and thereby the reactivity, is increased by a —M substituent in the 
former, so it is also increased by an electron-releasing group in the latter. Con- 
versely, if the diene contains an electron-withdrawing substituent, the dienophile 
requires an electron-releasing one for ready reaction; in this case, the interaction 
is between the diene’s LUMO and the dienophile’s HOMO (e.g. p. 274). 

Aromatic compounds are effective dienes providing that the loss of aromatic 
stabilization energy is not too great. For example, although benzene is inert, 
anthracene reacts with maleic anhydride at 80°C, 


the difference reflecting the fact that whereas a reaction with benzene would 
result in the loss of 150kJ mol“! of stabilization energy, only (349 - (2 x 150)), 
i.e. about 50kJ mol™! is lost on addition to anthracene. 

Amongst monocyclic heteroaromatic compounds, furan is reactive, e.g. 


O HO 

» : 
Co & Co ee ( 
0 H ‘oO 

100% 


whereas the more stabilized aromatic, thiophen, is inert. Pyrrole reacts with 
maleic anhydride, but not in the Diels— Alder manner (p. 358). 


(iii) Stereochemistry. The cycloadditions are stereospecific. For example, di- 
methyl maleate and dimethyl fumarate react with butadiene to give, respectively, 
cis- and trans-dimethyl cyclohexene-4,5-dicarboxylates: 


¢ } CO;Me H cO.Me 
+ ——— 
oe | CY 
CO.Me fy COMe 
H 


4 ae ct CO,Me 
+ ed 
S CO;Me #c0,Me 


This is a result of the concerted nature of the reaction. The diene and dienophile 
can only achieve appropriate orbital overlap if they come together with their 
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molecular planes (nearly) parallel; the orbital interaction is suprafacial with 
respect to both reactants: 


n 
Mey saneceoet 
: 
Car 
‘ 


. . 
a yet 


A further stereochemical factor applies with suitably substituted reactants. For 
example, in the dimerization of cyclopentadiene, where one molecule acts as 
diene and the other as dienophile, two orientations in the product are possible, 
each of which arises from suprafacial-suprafacial interaction of the reactants: 


O:0 — Ay. Ak 


exo" 


In practice, in this and most other cases the thermodynamically less stable endo 
product predominates. This has been accounted for in terms of a secondary 
interaction of the HO and LU orbitals in the transition state for endo addition 
which is sterically impossible for exo addition: 


HOMO 
bond-forming 
secondary interactions 
interaction bondforming = 
interactions 
LUMO 
LUMO 
transition state for endo addition transition state for exo addition 


This secondary interaction does not lead to bonding in the product, but, because 
the overlapping orbitals are of like phase, it can stabilize the transition state. 

Since, usually, the exo product is thermodynamically more stable, it is some- 
times possible to form it by the use of conditions under which formation of the 
kinetically favoured adduct is reversible. The reaction of furan with maleimide is 
an example: 


*The term endo indicates that the substituent is directed to the inside of the boat-shaped cyclohexene 
ring; exo indicates that the substituent is directed to the outside of the ring. 
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ce) 

— 

Eo + o 

— 

(@) 
25°C 90°C 
ce) fe) 
0 
2 O 90°C Z NH 
via reactants 


The less stable endo isomer is formed the faster and predominates at 25°C, where 
the reaction is effectively irreversible. At 90°C, this product is in fairly rapid 
equilibrium with the reactants, and the less rapidly formed but more stable exo 
isomer gradually accumulates. 

Maleic anhydride and furan give the exo-adduct even at low temperatures 
(p. 272). This is because, although the endo-adduct is formed about 500 times 
faster than the exo-isomer, it reverts to reactants about 10000 times faster and 
exo-product accumulates. 


(iv) Regiochemistry. When both diene and dienophile contain substituents, 
more than one product can be formed, e.g. 


Ph Ph Ph 
C poe ome ol 
+ | _— + 
S CO,Me 
HOMO LUMO 39 parts { part 
CO,H CO,H CO3H 
Ph Ph 
Cc: Mm- O7- Qa 
S Ph 
LUMO HOMO 6 parts 1 part 


It is believed that 1,2-products predominate in these cases because bonding at the 
transition state is not only more effective when the HOMO of one reactant and 
the LUMO of the other are more closely matched in energy (whence the pairings 
noted above and as described earlier) but also when the sizes of the orbitals at the 
reacting termini are the more closely matched, e.g. 
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— 1,2-adduct 


is a better match than the alternative that leads to the 1,3-adduct. 
Regioselectivity is particularly marked with butadiene containing a 2-OSiMe, 
substituent, e.g. 


iq a MesSiCt fe ‘oe 
) HOS ae Me,Sio~ 


re) Oo 


ete Hy o io 
Me,SiO O 


A modification of this reaction, employing Danishefsky’s diene, enables aB- 
unsaturated ketones to be formed, e.g. 


OMe OMe Mi 
MeO,C. BO CO,Me 
al Me,SiCt i ee 
O Me,Sio~ S Me,SiO : 


H 


h 


Danishetsky's diene 


CO2Me 

= LD 
19) : 
H 


(v) Applications. The Diels~Alder reaction is of very great importance in the 
synthesis of naturally occurring compounds, partly because of the large number of 
structures to which it is applicable and partly because of its stereospecificity. By 
the appropriate choice of starting materials, it is often possible in one step to 
assemble a product with several groupings in the required stereochemical con- 
figuration. Some examples are: 


(1) The reaction 
CO2H 9° 
a 
SS 
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was employed in the synthesis of the alkaloid reserpine to assemble three 
stereocentres (p. 731). 

(2) The reaction between furan and dimethyl! acetylenedicarboxylate, in a 
synthesis of cantharidin (from the body fluid of cantharides beetles such as the 
Spanish fly). Catalytic hydrogenation of the product gave a new dienophile which 


i; 
Go % \ _ yom Ha-Pd chy con 
= 


CO,Me CO,Me CO,Me 
i ie] oO 
several (e) 
ee AID i ee 0 
{ 
CO2Me ae) 
CO,Me 
cantharidin 


reacted with butadiene in a second Diels-Alder reaction.* The required stereo- 
chemistry having been established, the ester groups were converted into methyl 
and the ring derived from butadiene was oxidized in several steps to the required 
anhydride. 

(3) Intramolecular Diels-Alder reactions can be used to assemble bicyclic 
compounds, e.g. 


(FO 
CO. f = ™ 
H 

53 parts 


The activating effect of a carbonyl group conjugated to the dienophile is shown by 
4 Y 
coe Cy ei 
A 
fe) ie "oO 
97 parts 3 parts 


*The stereochemistry of this reaction results from the fact that addition of butadiene is less hindered 
by the oxide bridge than by the ethylene bridge. 
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(vi) Enantioselective synthesis. Aithough stereocentres can be created in Diels— 
Alder reactions (e.g. three in example (1) above), racemic mixtures are obtained 
unless one or both reactants is asymmetric. An approach being developed to 
induce enantioselectivity is the use of a chiral catalyst. For example, the optically 
active alkyldichloroborane (1) complexes with (E)-methyl crotonate to give (2). 
The approach of cyclopentadiene from the rear face of the dienophile is strongly 
hindered by the naphthyl group and attack from the front gives product in almost 
optically pure state: 


J JL. 


BCl, °. Cl-—B 
Oo = coke & 


Me 
(1) (2) 


iy | EY 


Me 


(b) 1,3-Dipolar additions 


A large number of types of five-membered ring may be formed by the reaction of 
‘1,3-dipolar’ compounds with unsaturated bonds (dipolarophiles) such as C=C, 
C=C, C=O, and C==N. The 1,3-dipolar components are compounds whose 
representation requires ionic structures which include ones with charges on atoms 
bearing a 1,3-relationship, e.g. 


- - + 
diazomethane CH=N=N «+ CH)—N=EN 
+ - - + 
benzonitrile oxide Ph—=N-O = Ph-C=N=0 


The 1,3-dipole is a structural variant of the diene component in the Diels— Alder 
reaction; in the dipolar compound, four x-electrons are distributed over three 
atoms instead of the four in a diene. Moreover, the HOMO and LUMO of a 1,3- 
dipole are of similar symmetry to those of a diene with respect to the two-fold axis 
and to the mirror plane which bisects the molecule: 
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as 
r~ HOMO 
1,3-dipolar compound 1,3-diene 
Consequently, concerted cycloaddition to an alkene is symmetry-allowed. 

Unlike dienes which are stable, isolable molecules, 1,3-dipoles are often 
short-lived species which must necessarily be generated in situ and trapped as 
soon as they are formed; even those which are isolable, such as diazoalkanes, 

= + _ 
R—CH—N=N, and azides, R—N—N=EN, often tend to be thermally labile 
materials, best handled in solution and used immediately after synthesis. 


The following reactions illustrate those which are used for preparing 1,3-dipolar 
compounds in situ: 


R R 


N Cl. \ Et,N + - 
C=NOH ae = pac ee ZN 
P [@) Ki - NOH mG R-—==N-0 
H cl nh ah 
a nitrile oxide 
R 
JO=NNHRD tN RAN 
cl -HCI R 
a nitrile imine 
ae 
D=NCHR’, sone R—S=N-C 
cl - 
a nitrite ytide 
OH OH oO 
/ Nn “HO 
O=CHp + N-H — s—N H,C=N 
‘R uo R 


(i) Applications. A variety of heterocyclic compounds can be constructed by 
reactions of 1,3-dipolar compounds with alkenes and alkynes. Some examples are: 


(1) Diazoalkanes yield pyrazole derivatives, e.g. 


CH,=CH, S 
- 4 N = Sn /NH 


- + 
CH2—N=N N 
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CO2Me CO2Me CO.Me 
: 
—— san l ZN = i UNH 
~- + a 
CH)~NE=N . N 


(2) Azides yield triazole derivatives, 


CHo=CH2 in 
a R-N iN 
RN=N=N ‘Nn’ 


(3) Nitrile oxides yield isoxazole derivatives, 


CH, =CH, 
+ om ee: 


(4) Nitrile ylides yield pyrrole derivatives, 
CH=CH, 


The dipolarophile may also be a carbonyl compound or a nitrile. In these cases, 
there are two possible orientations for the addition, e.g. 


Ph Ph 
rm w= Sy 
Se = 
F N \ 
7=N-N me AY ~Ph Pn NNN on 
Ph Ph 


One product usually predominates: in the above example it is the first of the two. 
This and related results can be accounted for by considering the energies of the 
bonds being formed. For example, in the first product above, two C—-N bonds 
are formed, whereas in the second, one C—C and one N—N bond are formed; 
the first combination corresponds to the greater bonding energy and this is 
reflected in the preceding transition states. 

The value of 1,3-dipolar cycloaddition in the synthesis of natural products is 
now well recognized. An elegant example, the synthesis of (racemic) luciduline 
(an alkaloid whose dextrorotatory enantiomer occurs in Lycopodium lucidulum), 
made use of both 1,3-dipolar and Diels— Alder cycloaddition: 


fe) ma) H 

“ s a T tals 

CO." CO. & CO) se 
H H , 


2 Gis: 3 trans 
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HoC.+ .0 + 
NHOH cs > 
H ii HY oo" 
y (iv) ; = a 
. ny CHO : , a 
H H : 
Me 
N Nt 
oa a 
a Wi, i) 
FSO,0Me LiAIH, 
Me ve 
(| 
N N 
(vii) 
HO. CrO3 
O 
luciduline 


The Diels~Alder reaction — step (i) — was carried out at room temperature in 
the presence of tin(iv) chloride. This results initially in the formation of a cis-ring 
junction and also in a cis relationship between the hydrogen atoms at the ring 
junction and the methyl substituent (the latter because the suprafacial addition of 
the diene is to the less hindered face of the dienophile). However, the bridgehead 
hydrogen adjacent to the carbonyl group undergoes acid-catalyzed enolization 
and the major product was the (unwanted) trans-isomer. It was found that the cis- 
isomer reacted the faster of the two with hydroxylamine in step (ii), and by 
conducting this reaction at high pH so as to effect rapid cis-trans isomerization via 
the enolate, it was possible to obtain almost entirely the required cis-ring-fused 
oxime. This was reduced with sodium cyanoborohydride in methanol: this is a 
hydride-transfer agent (p. 651) which delivered H™ from the less hindered side of 
the oxime, to create a hydroxylamine function stereoselectively as shown. The 
nitrone, generated in step (iv) with paraformaldehyde in hot toluene, underwent a 
spontaneous cycloaddition to give a bridged oxazolidine. In step (v) this was 
methylated with methyl fluorosulfonate and the resulting salt was reduced in step 
(vi) with lithium aluminium hydride (p. 651). In the final step, the secondary 
alcohol was oxidized to carbonyl with chromium(v1) oxide in acetone. 


(c) [x2 + 2] Cycloadditions 
As described in chapter 4, cycloaddition of alkenes to form cyclobutanes is a 


symmetry-forbidden process when the geometry of the transition state requires 
suprafacial-suprafacial interaction of the orbitals. 
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However, alkenes do combine in the [,;2 + ,2] manner photochemically. The 
simplest interpretation of this is as follows. When an alkene absorbs a quantum of 
light, an electron is promoted from the HOMO to the LUMO, so that there are 
now two singly occupied molecular orbitals (SOMO). The highest occupied orbital 
now therefore has the symmetry of the LUMO and consequently can interact with 
the LUMO of a second molecule of the alkene which is in its ground state to give 
a cyclobutane in its first excited state; this loses energy and returns to the ground 
state by fluorescence or collisional deactivation. 


excited molecule 4? SOMO of higher energy 
unexcited molecule RY LUMO 


These photochemical reactions are considered in more detail in chapter 16. 

The formation of cyclobutanes from alkenes also occurs in two circumstances 
by routes which are neither photochemical nor concerted, but involve thermally 
generated diradicals. First, alkenes with radical-stabilizing substituents react on 
heating to give head-to-head adducts, e.g. 


Ph 
Poa fet Pho See PSF ap 


Ph 
(cis + trans) 


Second, highly strained cycloalkenes dimerize, sometimes spontaneously, e.g. 


<1 
Ha 


(t) Cumulenes. Cumulenes —- compounds which contain adjacent double bonds, 
such as allene (CH,==C—=CH)), ketene (CH,==C=O), and _ isocyanates 
(RN=C=O) - participate readily in [,2 + ,2] cycloadditions which have been 
proved in a number of cases to be concerted. For example, ketene reacts with 
dienes to give [2 + 2] cycloadducts in a concerted reaction, to the exclusion of the 
formation of {4 + 2] adducts. 

From the earlier analysis of the [,2 + ,2] cycloaddition of alkenes, [,2 + ,2] 
addition for ketenes is forbidden when the geometry of approach is suprafacial- 
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suprafacial. However, consider the alternative suprafacial-antarafacial interaction. 
The efficiency of bonding interaction is very low unless one of the components 
undergoes twisting about its original x-bond, and this is the constraint which 
makes a transition state derived from this array inaccessible for alkenes. On the 
other hand, if the component whose x orbital interacts in an antarafacial manner 
is a cumulene, one of the carbons involved is sp-hybridized. This reduces the 
geometric constraint but, more importantly, makes available another orbital 
whose participation stabilizes the transition state. This further orbital is the 
LUMO of the adjacent double bond. This is very low-lying, in ketene especially, 
and its participation accounts for the preference by ketene of [,2 + ,2] over [,4 + 
x2] cycloaddition. 


ketene C=O LUMO a 


ketene C=CLUMO 
(antarafacial interaction) 


alkene 
HOMO 
(suprafacial interaction) 


The propensity for [,2 + ,2] cycloaddition amongst cumulenes causes them 
readily to dimerize. Substituted ketenes form cyclobutanediones, 


R 


re) 

R,C=C=0 et 
oe R 

0=C=CR, . 


R 


but ketene itself dimerizes in the liquid phase to a B-lactone, the [2 + 2] addition 
involving the carbonyl group of one component: 


H,C=C=0 EIOH OEt 
H,C=C=0 ie = OT > 


This dimerization forms part of the industrial synthesis of acetoacetic ester; the 
ketene is obtained by the pyrolysis of acetone, and the dimer is converted into 
acetoacetic ester by reaction with ethanol, as shown. 

Other examples of dimerizations of cumulenes and of [2 + 2] cycloadditions 
involving cumulenes are the following: 


R 
*N=C=O ‘N-f 
O=C=N,. oo 
R R 
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cR 
S=C=CR, sf 
R,C=C=S ach 
2) 
R 
fo) 
R,C=C=0 “Th 
=C=N-R' N 
O=C=N-R 07 


H,C= CH-—-CN 
H,C=C=CH, 
Ketenes also undergo [,2 + ,2] cycloadditions with ketones, catalyzed by Lewis 
acids, e.g. 
2 O 
H,C=C=O Et,0-BF, 
Me,C=O - 40°C fe) 
90% 


and Lewis acids can also divert [,4 + ,2] cycloadditions to [,2 + 2] reactions, 
e.g. 


fe) ie) 
on 
O > CH, ‘@ ‘i oO 
AF ~ fe) 
SS 
heat (no catalyst) 100 0% 
ZnClo (20 °C) 9 91% 


Finally, the intramolecular cyclization of diketenes forms the basis of a method 
for making large-ring ketones, e.g. 


HO, Gian = (CHs)q 
0) ig fe) 


exaltone 


283 


284 


PRINCIPLES OF ORGANIC SYNTHESIS 


9.2 
Electrocyclic 
reactions 


Yields are lower than in the Ziegler process from dinitriles (p. 229) but the 
starting materials are more readily accessible. 


Electrocyclic reactions are those in which either a ring is formed with the gen- 
eration of a new o-bond and the loss of a x-bond or a ring is broken with the 
opposite consequence, e.g. 


} heat _ “a 
fa ne C 


The reactions are stereospecific. For example, cis-3,4-dimethylcyclobutene gives 
solely cis,trans-2,4-hexadiene, which is not the thermodynamically most stable 
isomer: 


Me 
Ne heat oars 
Z enna << Me 
Me 


Considerations of orbital symmetry again offer an explanation. In the transition 
state for ring opening of a cyclobutene, the HOMO of the o-bond that is undergoing 
fission interacts with the LUMO of the C=C bond. This can only happen if the o- 
bond opens in a conrotatory manner:* 


transition state 


For the reverse reaction — the ring closure — precisely the opposite path is followed 
(principle of microscopic reversibility) so that conrotatory motion of the termini is 
likewise required. 

Conrotatory ring opening of trans-3 ,4-dimethylcyclobutene could in principle lead 
to two products, depending upon the sense of the rotation: the trans,trans-dimethyl 
diene and the cis,cis-isomer. However, severe steric crowding would result from the 
conrotatory movement which turns both methyl groups inwards in the formation of 


the latter compound, 
Za 
Ss 


* This also follows if the o-LUMO and the x-HOMO are considered. 
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so raising the activation energy relative to that for the trans,trans-isomer. Con- 
sequently, only the trans ,trans-compound is formed. 
In contrast, strongly electron-withdrawing groups preferentially rotate inward, 
€.g. 
CHO 


ZZ a 
= Qj. CHO 


This can be exploited in synthesis, e.g. 


on 2 a een eS 
~S 0 O 
The theory is readily extended to polyenes. For example, the opening of a 1,3- 
cyclohexadiene, and likewise the ring closure, require disrotatory motion: 


n-LUMG 


transition state 


It can be understood why, for example, trans cis ,trans-2,4,6-octatriene gives specifi- 
cally cis-5,6-dimethylcyclohexadiene: 


Ss heat 
A 


When the ring closures of dienes and trienes are carried out photochemically, the 
stereospecificity is the opposite to that of the thermal reaction: the symmetry of the 
SOMO of higher energy governs the reaction and the observed stereochemical 
course follows, e.g. 


— fe 
FY 


SOMO transition state 


However, it is recognized that this is an oversimplified treatment: a full under- 
standing requires examination of all the z orbitals of polyene and product, as well as 
of the o orbital of the bond formed between the termini. 

The stereochemistry of electrocyclic reactions is summarized in Table 9.1: 
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Table 9.1 Direction of motion of the termini in electrocyclic ring closure or the 
reverse ring opening 


Number of x-electrons in Rotatory motion 

ring closure reaction Thermal reaction Photochemical reaction 
4 con dis 
6 dis con 


(i) Applications. The direction taken by an electrocyclic reaction depends on the 
relative stabilities of the ring and open-chain reactants. With cyclobutenes, the latter 
is favoured because of the strain in the ring, e.g. 


het 7 
Ee 4G 


In contrast, with benzocyclobutenes the ring structure is favoured because the loss of 
aromatic stabilization energy on ring opening outweighs the strain in the ring, e.g. 


m= x 
SS 


The latter equilibrium opens up two synthetic routes. First benzocyclobutenes can 
be synthesized, e.g. 


Br ir Br 
Br 
a l ag Br ) Br, -Br7 ao Cry hydrogenolysis Cn 
NS Br ‘ey 
©) ~ ‘Br 
is 


Br B benzocyclobutene 


Second, a benzocyclobutene is a masked conjugated diene; a reagent that reacts 
only with the diene can trap it as it is formed. This principle was applied in an elegant 
steroid synthesis in which two of the rings were formed with a predetermined trans 


stereochemistry: 
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(ii) Valence tautomerism. Electrocyclic equilibria that occur at ambient tem- 
perature give rise to the phenomenon of valence tautomerism. For example, 
cyclooctatetraene is in equilibrium with cis-bicyclo[4.2.0]octa-2,4,7-triene, which it 
forms by the symmetry-allowed disrotatory ring closure:* 


CH? 


H 


Ch 


H 


h 


Cheletropic reactions are ones in which two o-bonds which terminate at a single atom 
are made or broken in a concerted reaction, e.g. 


C + SQ, — Cs. 


3-sulfolene 


Cheletropic addition is related to Diels-Alder addition in that the 2n-electron 
system in the dienophile of the latter is replaced by an unshared pair of electrons 
on a single atom in the former. 


(a) Cheletropic reactions of dienes 


The HOMO of a molecule like sulfur dioxide or carbon monoxide is that which 
has a lone-pair of electrons in the plane containing the atoms; the LUMO is a p 
orbital perpendicular to this plane: 


LUMO LUMO 


wo 
HOMO Oss Homo @PCcO-o 
O 


For a symmetry-allowed cycloaddition of sulfur dioxide to a diene, the SO, lies in 
a plane which bisects the s-cis conformation of the diene, and the reaction is 
suprafacial with respect to both diene and SO,: 


— Ss 


Ou, 
on” 


* Valence tautomerism can be studied by NMR spectroscopy. If equilibrium occurs slowly with respect 
to the NMR time scale, the spectrum of each tautomer is observed; if it is fast, a time-averaged 
spectrum of the two is observed. At intermediate rates, line-broadened spectra are obtained, analysis 
of which enables the rate of interconversion to be derived. 


9.3 
Cheletropic 
reactions 
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The appropriate matching of orbitals is: 


In the transition state, the terminal carbon atoms of the diene must move in the 
disrotatory manner so that the HOMO of SO, can interact with the LUMO of the 
diene, or the LUMO of SO, with the HOMO of the diene. The reality of this 
prediction of frontier-orbital theory is proved by the fact that trans,trans-1,4- 
disubstituted dienes give specifically the more crowded cis-substituted 3-sulfolenes, 


e.g. 


oO disrotati 
x + So;- eee | so 
and cis,trans-disubstituted dienes give trans-substituted 3-sulfolenes. 


As with electrocyclic reactions, the opposite stereochemistry is observed if the 
reaction is photochemical rather than thermochemical: 


al 
hv 5 SO2 
| SO2 conrotation Ss 


(i) Applications. The reaction between butadiene and sulfur dioxide and the 
reverse reaction which occurs at high temperatures, provide a useful method for 
‘carrying’ butadiene, so avoiding the experimental inconvenience of handling 
gaseous butadiene at the elevated temperatures which may be needed for reac- 
tion. For example, when 3-sulfolene is heated in the presence of a dienophile, 
butadiene is released and immediately trapped in a Diels— Alder reaction. 

There are few other reactions where a molecule like sulfur dioxide is sequestered 
by a diene, but there are others where the reverse process — extrusion of a, 
usually, stable molecule — occurs. For instance, Diels-Alder adducts of cyclo- 
pentadienones extrude carbon monoxide, e.g. 


c@) 


ey i CO,Me Ph Phi CO,Me 
tre : ’ Ph CO,Me co 
Ph Ph py  ‘CO,Me Ph CO2Me 


on CO,Me Ph 
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(6) Cheletropic reactions of trienes 


2,7-Dihydrothiepin dioxides undergo thermolysis with a high degree of stereospeci- 
ficity, e.g. 


‘a So. heat_ | i: 
NN e -SO> 


The reaction therefore occurs with a conrotatory motion of the triene termini. If 
the cheletropic reaction is linear, i.e. if the HOMO of SO, reacts suprafacially as 
it does in the case of dienes, the triene must react antarafacially, which is 
consistent with the observed conrotation: 


(c) Cheletropic reactions of simple alkenes 


Cheletropic reaction of sulfur dioxide with alkenes is symmetry-forbidden if both 
components interact suprafacially. Antarafacial reaction of a simple alkene is 
sterically very unlikely (cf. discussion of [,2 + ,2] cycloaddition of alkenes), so 
that the reaction is likely to involve the SO, antarafacially. It is known in the 
stereospecific extrusion of SO, from episulfones, e.g. 


Me.., wH heat Me... wH Xe) 
H?\Z-*Me . H” “Me * 2 


The orbital interaction in the transition state is represented by: 


() y LUMO 
f) 4 {supratacial) 
E> 


e iwO HOMO 
O (antarafacial) 


The reactions of singlet carbenes and nitrenes with alkenes are also of this type, 
e.g. 


3 Me. wMe 
Me..,,,, Me CCl H - 


H 
cr “ol 


289 


290 PRINCIPLES OF ORGANIC SYNTHESIS 


9.4 
Sigmatropic 
rearrangements 


Only singlet carbenes and nitrenes behave in this way: the addition of triplet 
carbenes or nitrenes to a double bond results in a diradical which is sufficiently 
long-lived, during the time required for spin-inversion, for stereospecificity to be 
lost as a result of rotations about bonds. 

The development of phase-transfer catalysis has greatly increased the syn- 
thetic utility of dichlorocarbene. A phase-transfer catalyst is usually a quaternary 
ammonium salt where the cation contains large alkyl groups which confer upon it 
solubility in organic solvents (e.g. Cys6H33NMe3). Such a cation will transport 
hydroxide as its counter-ion into chloroform from aqueous solution. This greatly 
facilitates the reaction, 


HO + H-CCLh == HA + “CCh 


which otherwise could only occur at the interface of the organic and aqueous 
phases. The trichloromethyl carbanion, CCl; , is relatively short-lived, decom- 
posing to give dichlorocarbene, 


CCl, —— cr + 7CCly 


which is trapped by the alkene. 


A sigmatropic rearrangement is a pericyclic reaction which involves the migration 
of a o-bonded atom or group within a m-electron system; overall, the numbers of 
n- and o-bonds remain separately unchanged. The rearrangements can be divided 
into two classes: (1) those where the group which migrates is bonded through the 
same atom in both reactant and product, (2) those where the migrating group is 
bonded through different atoms in the reactant and the product. An example of 
the former is, 


oH heat 
SMS fA 


where hydrogen is transferred from the methylene group to the alternative ter- 
minus of the diene; the latter is exemplified by the Claisen rearrangement, e.g. 
o™ heat o7 


——— 


AZ WN 


where the allyl group which migrates is bound by different atoms before and after 
the reaction. The first reaction is thermodynamically favourable because a dialky}- 
substituted diene is more stable than a mono-alkylated one (p. 34) and the 
second reaction reflects the strength of the C==O bond. 

These two reactions illustrate, respectively, a [1,5]-shift and a [3,3]-shift. The 


PERICYCLIC REACTIONS 


figures in parentheses denote the numbers of essential interacting centres in the 
two groups which are formed by breaking the migrating o-bond. 


(a) [1,j]-Sigmatropic rearrangements 


The occurrence and stereochemistry of sigmatropic rearrangements can be ac- 
counted for, like other pericyclic reactions, in terms of the symmetry of frontier 
orbitals. Consider the [1,5]-shift of hydrogen as in the first example: 


diene n-LUMO 


C-H o-HOMO 

suprafacial 1,5-hydrogen shift: 

altowed 
For a maximum of bonding to occur in the transition state when the HOMO (or 
LUMO) of the C—H o-bond interacts with the LUMO (or HOMO) of the diene 
n-system, the hydrogen is transferred suprafacially. Since this arrangement is 
easily accessible geometrically, the [1,5]-shift of hydrogen in dienes readily occurs 
thermally. 

Owing to the difference in symmetry between the LUMO of a simple alkene 
and that of a diene, a similar suprafacial {1,3]-transfer of hydrogen in a substituted 
alkene is symmetry-forbidden. A [1,3]-hydrogen transfer would be allowed if the 
n-bond were to interact antarafacially, 


7x 
ae n-LUMO 
C-H 6-HOMO C-H ¢-HOMO 
n-LUMO 
suprafacial 1,3-hydrogen transfer: antatafacial 1,3-hydrogen transfer: 
not allowed allowed, but sterically unreasonable 


but the geometric constraint that this imposes is too great and concerted [1,3]- 
transfer of hydrogen is not observed. The stability of the triene, 


cr 


derives from the fact that concerted thermal isomerization to toluene, which is 
thermodynamically much the more stable, is a symmetry-forbidden process. 

On the other hand, a [1,7]-transfer of hydrogen in a triene, which must also be 
antarafacial if it is to be symmetry-allowed, is sterically feasible when the system 
can form a helical structure: 
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The classic example is the thermal interconversion of vitamin D and precalciferol: 


CgH,7 CoHi7 


[1,7]-shitt 


HO HO 


vitamin D precalciferol 


In sigmatropic shifts of hydrogen, only the polyene can participate in an 
antarafacial manner on account of the spherical symmetry of the hydrogen s 
orbital. With other functions such as alkyl groups, the migrating group can be the 
antarafacial component and this expands the possibility for reaction. Consider the 
[1,3]-shift of an alkyl group in an alkene: 


C-C o-HOMO #& 


As shown, there is the possibility of an interaction which is antarafacial for the 
C—C o-bond and suprafacial for the n-bond. Again, this is likely to require 
a transition state with a geometrically difficult access, particularly for flexible 
molecules, but this interaction is known in molecules whose rigid framework 
builds into the ground state of the reactant much of the ordering which would 
otherwise have to be achieved at the expense of an unfavourable entropy of 
activation in a flexible analogue. An example is: 


AcO 
transition state 


The antarafacial character of the interaction of the alkyl o-bond is demonstrated 
by the fact that the configuration of the migrating carbon (marked *) is inverted in 
the change. 

Alkyl migrations occur with carbocations and compounds with a good leaving 
group, X. Interaction of the HOMO of the migrating o-bond with the LUMO of 


PERICYCLIC REACTIONS 


the empty p orbital or of the C—X o-bond is consistent with the retention of 
configuration of the migrating group: 


C-X o-LUMO 


p-LUMO 


In contrast, the concerted [1,2]-shift in a carbanion is predicted to be symmetry- 
forbidden.* Such rearrangements do, however, occur but not by a concerted 
mechanism (p. 447). 


(b)  [i,j]-Sigmatropic rearrangements 


The most frequently encountered sigmatropic rearrangements of this category 
are (3,3]-shifts for, as the notation implies, the transition state involves the 
stereochemically favourable six-membered ring. 

The Cope rearrangement is the [3,3]-sigmatropic rearrangement of 1,5-dienes, 


e.g. 
R R 
S 165 - 185°C ee 
ZA SX 


The stereochemical outcome of the rearrangements of acyclic compounds is 
consistent with their occurrence through chair-shaped transition states. For ex- 
ample, meso-3,4-dimethyl-1,5-hexadiene gives cis ,trans-2,6-octadiene, 


ide Me Me 
ae FE =~ wT 
= Me Me. 
Me” \~ oo — 


whereas a boat-shaped transition state would give trans,trans- or cis,cis-product. 
The valence tautomers of bullvalene undergo interconversion (between over a 
million identical forms) by Cope rearrangement, e.g. 


@-a-- 


* This is usually discussed in terms of a treatment of pericyclic reactions which is an alternative to the 
frontier-orbital method. The transition state for the [1,2]-shift of a carbanion would contain a cyclic 
array of 4n-electrons. This is an ‘anti-aromatic’, high-energy configuration, in contrast to the stable 
‘aromatic’ arrangements in the [1,2]-shift of a carbocation (2n-electrons) or a {1,5]- or [3,3]-shift (6n- 
electrons). 
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The Claisen rearrangement of allyl alkenyl ethers is another example of a 
[3,3]-sigmatropic rearrangement, differing from the Cope rearrangement in the 
replacement of a CHR fragment by oxygen but having the same stereochemical 


outcome, e.g. 
Me 
oN 0.4 —Me fe) Me 
FW7y Me — = 
Aig. Lae 


The reaction is widely employed for building up bi- and polyfunctional carbon 
chains, for example: 


(1) -Keto-esters to y5-unsaturated ketones, e.g. 


O° - 0 Oo O OH 


Pere. tee, A, ot. Jigee. 2k 


(2) Allyl alcohols to y5-unsaturated amides (Eschenmoser reaction), e.g. 


NMe, 
2 NMe, NMe> 
OMe 150°C gn. ie 
R A 


-2 MeOH 
ROH Rance 


or y6-unsaturated esters, e.g. 


OMe 
eee OMe OMe 
OMe 
E1CO2H (cat), 140°C Bs ie is; 
-2 MeOH 
RS OH ae R77 


(3) Prenylation, e.g. 


An An 
OH heat < = 
a -MeOH 
a a Pa 
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oe AWK teduce_C=O ALA A 
re) OH -MeOH 


=. etc 


Claisen 1 of aryl = ethers also occur, e.g. 


OH 
\ 
vl 200°C _ tautomerism _ S 4 
a 


73% 


If both ortho-positions are substituted, the cyclohexadienone intermediate under- 
goes a second hie giving a p-ally|phenol: 


ce) OH 


one 


4 


[3,2}]-Sigmatropic rearrangements are also well established. The reactants possess 
a two-atom migrating unit in which one atom has a negative charge; this is 
equivalent to the two n-electrons of an unsaturated bond in a three-atom unit. An 
example i is the Sommelet rearrangement in which the two-atom unit is a nitrogen 


ylide, —NR,—CH? (p. 448). 


9.5 
The ene- 
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reaction and 


related 
The ene-reaction is a reaction of an allylic compound with an alkene in a manner _ reactions 
which resembles both cycloaddition and a [1,5]-sigmatropic shift of hydrogen, e.g. 


<“o— eo 


For example, allyl alcohols form aldehydes, 
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Lt OL See 
HO” “H ~R HO” HR 0” “H *R 


The reactions require higher temperatures than Diels-Alder reactions but 
occur faster with conjugated enones, especially (as in Diels—Alder reactions) with 


Lewis-acid catalysis, e.g. 
OL, bow He ON 
ur OMe ee CO,Me 
70% 


The reverse process also occurs, as in the pyrolysis of esters: 


R. LO R_O 
we heat ba P | | 
H ‘H 


The temperature required for this reaction is high (300-—500°C), which restricts its 
utility. Conditions are much milder, however, for the related Chugaev reaction in 


which a xanthate ester is heated at 100—200°C: 


MeS._ ~O R 
Meso R ead ¥ ’ ( 
S), ; “H R' 
MeS.__,0 aed MeSH + cos 
SH 


The synthetic value of the Chugaev reaction lies in the stereospecificity which its 


concertedness confers. 
The ready decarboxylation of B-keto-acids has been shown to occur analogously, 


e.g. 


} 


R cS Oo heat R 


v 


The Cope reaction is a related pericyclic reaction of amine oxides which involves 
a five-membered cyclic transition state. It occurs under mild conditions and is 
useful in the generation of non-conjugated polyenes, e.g. 


Nay + yn J 


Ww Za heat 
ye fy 


O CH 


Sulfoxides react similarly, and applications of the process are described later 
(p. 473). 
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reactions: 


(a) 


(e) 


(g) 


(h) 


1. Draw the structure of the chief product of each of the following thermal Problems 
Me (b) Me 
SS 
Me oe: | Me — 
7 A 
(d) Me 
Me 
eS as (ise. —~ 
a : 
Me 
H M 
Ph tid () Me ° 
Ph a — 
Me H S H 
econ 
/ \ + MeOQ,C—== COQ.Me — 
oO 


(!) 


(/) 


(x) 


(1) 


Sa os — 


2. How would you employ pericyclic reactions in the synthesis of the following? 


(a) 


b (5) 
CHO NC CN 
Nc CN 


Me 
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(c) Pho Me (d) Ph Ph 
/ 7X 
oO... Nay, 
H 
(e) i i pe xwAvs 
Me” Nye" CHO 
Oo oO 


3. Rationalize the following thermal reactions: 


(a) Ph Ph 
or — Cy +  Me,NOH 
NMe2 


(b) 
(c) 
(d) MeO.C CO.Me MeQ.C, COMe 
H H Me0,C~me- COM Me0,C.,, /~ \ wt 
. H” N’ ‘cO,Me 


Ph Ph 


The formation 
of aliphatic 
carbon—nitrogen bonds 


With the exception of a few methods involving free-radical reactions (section 
17.4), the methods for forming bonds between nitrogen and aliphatic carbon fall 
into two categories. In the first, nucleophilic nitrogen reacts with electrophilic 
carbon and, in the second, electrophilic nitrogen reacts with nucelophilic carbon. 
The first category is by far the more important. 


(a) Nucleophilic nitrogen 


A ternary nitrogen atom possesses an unshared pair of electrons and is therefore 
nucleophilic. Like a carbanion, ternary nitrogen can react both with saturated 
carbon from which a group can be displaced with the covalent bonding-pair (Sy2 
reaction), 


and with unsaturated carbon, leading initially to an adduct, e.g. 
mer Ge Sees. Geo 


The products of these reactions depend on the structures of the reactants. In 
the Sx2 process, if the nitrogen atom is not bonded to hydrogen, a quaternary salt 
is formed: 


WR, 
BAY) 


+ or. x 
Ra = RaN—* 
H 


but if one or more hydrogen atoms are bonded to nitrogen, a proton may be lost 
to a basic species (such as a second molecule of the nitrogen compound), giving a 
new ternary nitrogen species which can react further, e.g. 


10 


10.1 
Principles 
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x" 


R “i zs 

ne ed Fina. tug Res 
RASS eo a 
H H H 


Reactions at unsaturated centres may be followed by a tautomeric shift, to give 
an adduct, e.g. 


R Ri Ri 
a 8 + = 
RNH oO — R,NH—0 — RN-OH 
R" R” R" 


or, if the carbonyl group is attached to an electronegative leaving group, by the 
elimination of a proton and an anion, e.g. 


R R s ‘. R 

n + \f>- +H’, 0) 

HaN: 7 =O HN a =O 
° cl [i ) HN 


In the former case, elimination from the adduct commonly ensues in appropriate 
structural situations, e.g. 


Ri Ri Ri R' 
a ie! + - +H,O 
Ril, 50 — att, )-0 — RNH—OH = RAN={ 
ae a bs - 


Therefore the overall process may consist of substitution at saturated carbon, 
addition to unsaturated carbon (sometimes followed by elimination), or substi- 
tution at unsaturated carbon. Each of these processes has an exact counterpart in 
the reactions of carbanions (chapter 7). 

The commonest nitrogen nucleophiles are ammonia and its derivatives. These 
may be alkyl- or aryl-derivatives (primary, secondary, or tertiary amines), 
nitrogen-containing derivatives such as hydrazine, NH2—NH)h, and related com- 
pounds (e.g. PhNH—NH)), and oxygen-containing derivatives such as hydrox- 
ylamine, HO—NH)}. 

Nitrogen attached to an electron-attracting group of —M type has very little 
nucleophilic reactivity. The reason is that these systems are resonance-stabilized, 


e.g. 


and the loss of stabilization energy which occurs when the nitrogen atom bonds to 
carbon renders the transition states for the reactions of such high energy content, 
relative to the reactants, that reaction is very slow. For example, amides, imides, 
sulfonamides, and nitramide (NO2—NH)) are very weak nucleophiles. 

Amide ions (e.g. NHz, present in a solution of sodamide in liquid ammonia) 
are considerably more nucleophilic than the corresponding amines. This is of 
particular value in effecting reactions with imides: the grouping 
—CO—NH—CO-— is relatively acidic (p. 47) so that, in basic conditions, the 
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nucleophile (—CO—N—CO—) is present and, for example, can react with 
alkyl halides (pp. 303, 326). Sas, Wie Aas 

Other nitrogen nucleophiles include azide ion (N==N==N) and _ nitrite 
ion (O—N=O). The latter is an ambident nucleophile, being capable of 
reacting at either nitrogen or oxygen. Its mode of reaction is determined by the 
structure of the second reactant and the reaction conditions. 


(6) Electrophilic nitrogen 


Nitrogen is electrophilic both in certain cations such as aromatic diazonium ions, 
ArNz (section 13.4), the nitronium ion, O=N=0, and the nitrosonium ion, 
N=0, and in neutral molecules such as alkyl nitrites, RO—-N=O, and nitro- 
so compounds, R—N==O. The former class of electrophile is of only limited 
importance in aliphatic chemistry, although of major importance in aromatic 
chemistry (section 11.4). 

The nitrogen atom in alkyl nitrites and related compounds is electrophilic by 
virtue of the fact that the addition of a nucleophile gives a relatively stable 
oxyanion; reaction is completed by the elimination of an anion, e.g. 


OR Cor 


Nuveen Rut 
i \e- \ 
fo [e) ie) 


This reaction is the analogue of that between a nucleophile and a carboxylic ester 


(p. 114). 
The carbon centres to which electrophilic nitrogen bonds include both car- 


banions and neutral molecules such as enols which are particularly reactive 
towards electrophiles. 


(a) Reactions of ammonia and amines 


The treatment of an alkyl halide with ammonia gives, initially, the conjugate acid 
of the corresponding primary amine, e.g. 


tt -X7 + 
H3N:-—~* CH3—~-X Se H3N—CH3 


This then reacts with more ammonia in an acid-base equilibrium, 


+ 
H3N—CH, + — NHg = H,N-CH, + NH,* 


10.2 
Substitution by 
nucleophilic 
nitrogen at 
saturated 
carbon 
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and the primary amine so generated reacts with a second molecule of the halide: 


MeNH, + Mel —*  MeNH, + I 


Further reactions lead to the tertiary amine and the quaternary ammonium salt. 

Consequently a mixture of products is usually formed and the simple alkylation 
of ammonia is an inefficient process for the preparation of secondary and tertiary 
amines. However, primary amines can be obtained in good yield by the use of 
a considerable excess of ammonia, for then the amine formed is a relatively 
ineffective competitor for reaction with the halide. 

Secondary amines can be obtained by treating an alkyl halide with an excess of 
a primary amine, but this is a wasteful process and it is often more convenient to 
employ one of the methods for the reductive reaction of a carbonyl compound 
and a primary amine (p. 669), or to use tertiary aromatic amines as starting 
materials (p. 404). Tertiary amines are obtained by the alkylation of secondary 
amines. Quaternary ammonium salts may be made either by the alkylation of 
tertiary amines or, for quaternary salts of the type R4N*, by the treatment of 
ammonia with a large excess of an alkyl halide. 


(i) Halides. As in other S,2 processes, aryl and alkenyl halides are inert 
towards amines and ammonia. Amongst alkyl halides, primary halides react 
efficiently but secondary halides usually give a significant yield of an elimination 
product and tertiary halides give entirely the elimination product (i.e. ammonia 
and amines react preferentially as bases and bring about E2 elimination; cf. 
p. 105). Tertiary alkyl amines such as (CH3)3C—NH) are usually prepared either 
by reaction of a Grignard reagent with O-methylhydroxylamine (p. 196) or by the 
Ritter reaction. The latter consists of treating a tertiary alcohol, or the correspond- 
ing alkene, with concentrated sulfuric acid and a nitrile. A tertiary carbocation is 
formed which is attacked by. the nitrile;* the resulting quaternary ion is decom- 
posed by water to give an amide which, in the acidic conditions, is hydrolyzed to 
the amine, e.g. 


Ht + N=—R + 20 -MegC-N 
MesC-OH —[5% MesC° ————* = Me,C-NE=—R = \-r 
HO 


tautomerizes Me,C eee 1307 Me,C-NH, + RCO2H 
R 
ie) 


(ii) Gabriel’s method. The problem which arises in attempts to make primary 
amines by the monoalkylation of ammonia (namely, that further alkylation in 


* The nitrogen atom of a nitrile is sufficiently nucleophilic to react with a carbocation but not so as to 
react with the less electrophilic carbon atoms of halides, ketones, etc. The greater nucleophilicity of an 
amine than a nitrile has a parallel in the greater basicity of the former, p. 49. 
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some degree is unavoidable) is circumvented by a procedure devised by Gabriel. 
This is based on the fact that phthalimide, having an acidic N—H group (p. 47), 
reacts with base to give a nitrogen-containing anion which, as a strong nucleo- 
phile, displaces on alkyl! halides. Hydrolysis of the resulting compound with alkali 
gives the primary amine. 


ce) fe) 
NH: - ROH. N7 kt PBL 
-KBr 
fe) oO 
oO e 
. CO2 
N-R 20H ck + RN Ho 
CO; 
oO 


For example, potassium phthalimide and excess of 1,2-dibromoethane react at 
180~-190°C to give B-phthalimidylethyl bromide in 75% yield [1]; hydrolysis gives 
B-bromoethylamine. 


(iii) Other leaving groups. As usual in S,2 reactions, alcohols are relatively 
inert to displacement by nucleophilic nitrogen. However, reaction can be brought 
about in vigorous conditions in the presence of a Lewis acid, which aids the 
departure of hydroxide ion by coordinating with oxygen. For example, methy!- 
amine is made industrially by the reaction of methanol with ammonia at 400°C 
under pressure, in the presence of alumina: 


MeOH + NH, — MeNH, + 4,0 


Ethers, like alcohols, are relatively inert, but strained cyclic ethers react. For 
example, ethylene oxide reacts with secondary amines to give B-hydroxy-tertiary 
amines, 


RNH + <1 ane RN on 
fe) 


and ammonia reacts with ethylene oxide to give successively B-hydroxy- primary, 
secondary, and tertiary amines, 


Q A 
HN + LN — MeN Non 


OH OH 


HN 
SoH HOTS on 
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These reactions are analogous to those of small ring cyclic ethers with other 
nucleophiles, such as hydroxide ion (p. 590) and Grignard reagents (p. 194); in 
each case reaction is facilitated by the release of ring strain which occurs in 
passage to the transition state. 

A related example is the reaction of ammonia with B-propiolactone to give f- 
alanine: 


H3N: + 
oom _. aie ao 
B-alanine 
Here, the relief of ring strain in the transition state so lowers the free energy of 
activation as to give this reaction preference over the normal reaction of ammonia 
with lactones (or esters), i.e. attack at the carbonyl group to give an amide (the 
hydrolysis of B-propiolactone occurs in a similar manner). 

Intramolecular nucleophilic substitution can occur readily to give three-, five-, 
and six-membered alicyclic rings (but not other ring sizes; cf. p. 67). For exam- 
ple, distillation of (the zwitterionic) ethanolamine hydrogen sulfate with aqueous 
sodium hydroxide gives ethyleneimine, 


H. + Q 2 
HN UA oy HeSO4 HN. ~5-S. NaOH 
—\ A&P HY, Soe" NH 
Hol 
sade alos LN 


and pyrrolidine and piperidine are formed by heating the salts of tetramethyl- 
enediamine and pentamethylenediamine, respectively, e.g. 


cl” ac 
+ / \ cl + - / \ 
HN + heat H, -NH3, -Cl 
~~ Ng HCl NH> NH, N 
H 
pyrrolidine 


(iv) Carbylamine reaction. Primary amines react with chloroform and alkali- 
metal hydroxides to give carbylamines (isonitriles). (The unpleasant odour of 
these compounds has in the past been used as a test for primary amines.) 
Reaction probably occurs via dichlorocarbene (p. 101). 


CHCl, OH, CCly — —-:CCh + Cl 
cc! an s a 
RNH2 eS H—N—C—Cl — ge 
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Cl 

-HCI A 

=e RNS —- RN=C = R-N=C 
H 

(b) Reactions of other nitrogen nucleophiles 


(i) Nitrite. Metal nitrites can react with alkyl halides at both nitrogen and 
oxygen, giving nitro-compounds and nitrites, respectively. 
fay 


fe) iy 3G 
3 N+ 
NN CLK Xe NEC 
re) wef 


a nitro compound 


- ie 2 0. 
0-0 V cx Osye9-c 


a nitrite 
The proportions of the two products are determined by the structures of the 
reactants and the reaction conditions. First, with a given halide, silver nitrite 
suspended in ether gives a higher proportion of nitro-compound than alkali-metal 
nitrites. Second, with a given nitrite, the proportion of nitro-compound decreases 
from primary to secondary to tertiary halides, e.g. 


“~~-™ Br Ratt “ NO, i “~~-~™ono 


ether 
70% 15% 
AgNO2 | + 
er chee No, ono 
20% 30% 
ANC + ~)- 
0 oon —)—No, ONO 
(trace) 60% 


Third, although alkali-metal nitrites normally give very low yields of nitro- 
compounds, the use of the polar aprotic solvents dimethylformamide and di- 
methyl sulfoxide markedly increases the yields (to c. 50-60%) from primary 
and secondary alkyl bromides and iodides. However, tertiary halides undergo 
elimination in these conditions (e.g. t-butyl bromide gives isobutylene, cf. p. 105). 

Nitromethane can be obtained conveniently, although not in high yield, by 
treating sodium chloroacetate with sodium nitrite. The resulting nitro-compound 
readily undergoes decarboxylation (cf. the analogous B-keto-acids) and _nitro- 
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10.3 
Addition of 
nucleophilic 
nitrogen to 
unsaturated 
carbon 


methane may be isolated by distillation, the nitrite by-product remaining in 
solution. 


Nat 0,c7*c1 Se Nat 0,07NO, + = Nat “0,07 “ONO 


Cl 
- < H. Cyt Oo HO 
Nat “0,07 “NO, “SF Meno, SN | Nat “= Me—NOz 
: é- 


35% 


(ii) Azide ion. Halides react with azides such as sodium azide to give alkyl 
azides. The reaction provides a method for preparing primary amines via catalytic 
reduction of the azide, e.g. 


Nyt N=N=N a tall Hp - Pd a al 
>= ae 


Br . Na+ NH, 


a-alanine 


(iii) Hydrazine. Hydrazine reacts with alkyl halides to give alkylhydrazines. 
The introduction of the first alkyl group increases the nucleophilicity of the 
alkylated nitrogen (since alkyl groups are electron-releasing relative to hydrogen), 
so that further alkylation tends to occur, e.g. 


HjN—NH» “a MeNH-NH, “a Me2N—NH2 


Monoalkyihydrazines are obtained more satisfactorily from alkylureas (p. 313) by 
the Hofmann bromination procedure (p. 441): 


NuUNH, |. tO 


(a) Reaction with aldehydes and ketones 


(i) Ammonia. Ammonia reacts with aldehydes and certain ketones, but the pro- 
ducts are usually complex. With aldehydes, the first step is a simple nucleophilic 
addition, 
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Rp AR R 
HN =O = HNO = ON-)--0H 
H H H 


but the products are unstable except when the aldehydic carbon is attached to a 
strongly electron-attracting group. For example, an ether solution of acetaldehyde 
absorbs ammonia and gives a white crystalline precipitate which is probably a 
polymer of the adduct, 

Me 


Me 
‘=o + NHg — HjN-}—OH — polymer 
H H 


but it cannot be obtained pure, whereas chloral gives a stable adduct,* 


CIC CLC 


\=0 + NHs — H,N-}—OH 
H H 


The fate of the adduct depends on the structure of the aldehyde. Formaldehyde 
is so reactive towards nucleophiles that the primary addition product reacts 
further, giving ultimately urotropine (hexamethylenetetramine) whose structure 
is similar to that of adamantane (p. 159): 


N 
6 HC=O + 4NHy 2 HOCHNH, U/ a 
-|_—, 

N—_/ 


Many aromatic aldehydes (e.g. benzaldehyde) give condensation products 
whose formation involves dehydration of the initial adduct followed by further 
reaction: 


Ar, A A 
‘eo MS HeN-)—OH ee. ann Me, 
H H 
HO 

A Ar A 
ae NH,  2ACHO aol 2H,0 = * i 
HN \-on 'y 

Ar Ar 


Most other aldehydes give polymers of the corresponding imines, but if the 
reaction is carried out in the presence of a reagent which can react with the 
imine, the process can yield useful products. Two examples follow. 


* The stability of the ammonia adducts of aldehydes parallels roughly the stability of the corresponding 
hydrates (1,1-diols), e.g. chioral forms a stable hydrate whereas that of acetaldehyde exists only in 
solution (p. 89). Likewise, 1,1-diamines, RCH(NH))2, are unstable. 
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(1) Strecker synthesis. The reaction between the aldehyde and ammonia is 
carried out in the presence of cyanide ion. The dehydration product of the adduct 
reacts with cyanide to give an a-aminonitrile: 


R R - R R 
Yeo SNe. enh Se cH OL cn, 
H -H2O H H -OH H 


It is convenient to employ aqueous ammonium chloride and sodium cyanide as 
the reagents, ammonia being generated in situ by hydrolysis. Hydrolysis of the 
a-aminonitrile gives an a-amino acid, and the total process constitutes a useful 
method of synthesis of these compounds. 

(2) Reductive amination. When the reaction between an aldehyde and ammonia 
is carried out in the presence of a reducing agent such as hydrogen on Raney 
nickel, the imine is reduced as it is formed to a primary amine: 


R R R 
eo ae [em] a 
H ; H 


The scope and limitations of reductive reactions are described later (p. 969). 

Ketones do not give adducts with ammonia. Reaction at the carbonyl group 
occurs reversibly, but only leads to products if further reaction can follow so 
as to give a stable product. Three examples are illustrative. 


(1) Acetoacetic ester reacts to give an imine which tautomerizes to a con- 
jugated amine (the nitrogen analogue of the eno! form of acetoacetic ester): 


COE Ny ae CO,Et +40 p~~c0,£t = Yc 
Oo NH» NH 


NH, 


(2) 2,5-Hexanedione reacts at one carbonyl group to give an adduct whose 
amino group is suitably placed to react intramolecularly at the second carbonyl 
group. Dehydration occurs to give 2,5-dimethylpyrrole: 


ie) 
yu ee — Gk a 
fe) NH, © H H 
lo H 


HO N O 


(3) The imine can be trapped by the reductive method described for aldehydes: 
R be 2 ecw oe 
o — NH ee NH 
co wo UA R : 


Acetone behaves in a different manner, first undergoing self-condensation 
under the influence of ammonia which here acts as a base rather than as a 
nucleophile. Two products are isolable. The first is derived by Michael-type 
addition of ammonia to the reaction product, 
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‘5 —_ 2. OT > i. a =e > ey al 
nie NH, O 


The second product is derived from a similar reaction on the product of further 


condensation: 
ee 
1) 


fe) 9) 
ue ter 
NH, N 

H 


(ii) Primary amines. As with ammonia, aldehydes and ketones react with 
primary amines initially by addition. Dehydration then occurs to give an imine: 


R R' 
=o BME RHN--OH 8S ene 
R R 


R 


The imines, except for those from aromatic amines, are unstable and tend to 
polymerize unless they are trapped in a further addition process. For example, 
reductive amination gives secondary amines, 


A R°NH2 Rt Hg - Ni A 
O eae a 2 a 
ee rvs DNR wen NHR 
R R 
Imines from aromatic amines are usually stable and can be isolated. For 
example, benzaldehyde and aniline react exothermically to give benzylideneani- 
line in about 85% yield [1]: 


Ph ws Ph 
H H 


The stability of these imines is evidently associated with the conjugation between 
the aromatic ring of the original amine and the imino double bond. 

a-Dicarbonyl compounds react with aromatic ortho-diamines by consecutive 
addition-elimination processes to give quinoxalines: 


HN RN 
YO # LO 
HoN R~ SN 


a quinoxaline 
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(iii) Secondary amines. Aldehydes and ketones which possess a hydrogen atom 
attached to an a-carbon atom react with secondary amines to give enamines, e.g. 


R R OH 
RAS + HN ae AX 
R R 
R R 
-OH” RAS HD RAN 
R R 


The synthetic uses of enamines are discussed elsewhere (p. 232). 
The reductive amination procedure leads to tertiary amines: 


ae RoNH Reg A Hp- Ni Ae oat 
oO — N N 
R -— 7 si ea ‘ 


Dianilinoethane reacts with aldehydes by consecutive nucleophilic reactions, 
the second occurring intramolecularly: 


Ph Ph Ph Ph 
HN R_ oN Nt ‘N 
R H - nt 
5 rr en Oe a en OO 
O aN HN an / 
Ph Ph Ph en 


The crystalline products may be used for the characterization of aldehydes. 


(iv) Other nitrogen nucleophiles. Hydroxylamine reacts readily with aldehydes 
and ketones to give oximes; addition of the nitrogen nucleophile is followed by 
elimination of water, 


OH R 
Oo R ‘ 
bia + HN-OH —+ roy HO ast 


R 


The reaction may be carried out simply by treating a mixture of the carbonyl 
compound and hydroxylamine hydrochloride with sodium hydroxide: the hydrox- 
ylamine reacts as it is released from its salt. In this way, for example, benzo- 
phenone oxime may be obtained in over 98% yield [2]. Alternatively, for less 
reactive carbonyl compounds, the reaction is carried out by adding sodium acetate 
to the carbonyl compound and hydroxylamine chloride; hydroxylamine is then 
present in a buffered medium of near-neutral pH. The reason for adopting 
this procedure is that the reactivity of a carbonyl group towards nucleophiles 
is increased by the addition of an acid (p. 89) but, if the pH is too low, 
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hydroxylamine is present almost entirely as its unreactive conjugate acid. As a 
result of these conflicting requirements the reaction has a pH-optimum of about 5. 

Oximes are used both for the characterization of aldehydes and ketones, since 
they are stable, crystalline compounds, and in synthesis; ketoximes give amines 
via the Beckmann rearrangement (p. 444) and aldoximes can be dehydrated by 
acetic anhydride to nitriles: 


H H 


Ac2O AS 


Sou san” ~=—Ss« RR SNOAc R-==N 


Hydrazine reacts with aldehydes and ketones analogously to hydroxylamine 
except that the first product, a hydrazone, can react with a second molecule of the 
carbonyl compound to give an azine, so that a mixture of two products is usually 
obtained: 


OR 
R’ es R' T R’ 
+ — HoN-NH ae eel a ' 
oon 2 2 aSNNH, H20 aan “Ny : 
R 
a hydrazone an azine 


In order to obtain derivatives for the characterization of a carbonyl compound 
it is more satisfactory to use a monosubstituted hydrazine: semicarbazide, phenyl- 
hydrazine, and 2,4-dinitrophenylhydrazine are commonly chosen. 2,4-Dinitro- 
phenylhydrazine is usually preferred to phenylhydrazine because it gives products 
which have higher melting points and are more easily isolated. A convenient 
small-scale method is to add hydrochloric acid dropwise to a mixture of the 
carbonyl compound and 2,4-dinitrophenylhydrazine in diethyleneglycol dimethyl 
ether; the derivative precipitates. 


R' H R' H 
+ UN. UNH oO N_ UNH. 
rXo HN? RAN > ta 
oO fe) 
a semicarbazone 
it H “HyO RH 
he + NY ee oe N 
R Oo HN Ph R N ality Ph 
a phenylhydrazone 
NO, Ry NO2 
N 


R’ H 
UN -H2O0 Bs : 
© eee ae Oo 
NO NO» 


a 2,4-dinitrophenylhydrazone 
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B-Dicarbonyl compounds and f-keto-esters react in a more complicated manner 
with hydroxylamine, hydrazine, and substituted hydrazines. The initial addition- 
elimination process gives a derivative which is stereochemically suited to intra- 
molecular reaction, e.g. 


YY se ry - Ds 0 


: an isoxazole 


OEt a OEt . 
> aa H,N—NHPh eb 4 J\c0e 
0 O NO Nt 


H Ph H Ph 


Li // 
-EtOH tae aN 
gs a = N 
N oO ‘nN OH 
Ph bh 
a pyrazolone 


These reactions are important in the synthesis of heteroaromatic compounds. 


(b) Reaction with other types of unsaturated carbon 


(i) Nitriles. Amidines may be obtained by heating nitriles with ammonium 


chloride: 
/ NH ‘ 
fa) R NH. R 
R-C=N 0 + > -=s We 
N NH 
an amidine 


Likewise, cyanamide gives guanidine: 
?=NHg 


an 
H,N—C=N — 
NH 


guanidine 
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(ii) Cyanates and isocyanates. The action of heat on ammonium cyanate gives 
urea, reaction probably occurring via ammonia and (the unstable) isocyanic acid: 


NH, NCO ~ or HN=C=Q + NH, 
NH; : 
ALA 
HN=c=0 0 —e | TING Na a ca HONS Ho 
oO fe) O 


urea 


The principle underlying this reaction can be applied to the synthesis of both 
mono- and disubstituted ureas. Monosubstituted ureas may be obtained by 
heating an amine with an alkali cyanate, e.g. 


H 
tei + es HzO UN NH, 
Me—NH, + K* NCO “Kon” Me T 
Oo 
N-methylurea 
H 
ae - 120 _N NH 
H,N-NH2 = + K* NCO ae Ho YO? 
oO 
semicarbazide 


a-Amino-esters react further to give hydantoins, e.g. 


Eto + bs 20 - 
NN + K*NCO rere On So 
H H 


a NH NH 
of, -E1OH 
— «>So —_— eek D6, 
hydantoin 


Disubstituted ureas may be prepared by heating organic isocyanates with 
amines, e.g. 
H 
=C= N. UN 
PhN=C=O + MeNH, —~ Ph7 TY N 
ie) 
N-methyl-V-phenylurea 


A reaction of this type is used in the formation of polyurethane foams. A 
diisocyanate is first polymerized with a dihydric alcohol such as ethylene glycol: 
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Os Me 
Ce, 
oO 
"a 
N HO. ¢ 
" oH N 
Cc 
re) 
H 
e Ho etc 
Me Cx 
O, Me 
mons 
“N 
@) 
HN OLA A NH 
Oo 
9 K Roa 


O. UN N? 
nfo 
Me 1 a 2 Me 


Treatment of the resulting polymer with water converts some of the terminal 


isocyanate groups into amino groups, 
wrArN=C=O0 + HO —= | »ArNH-CO.H | —= ~AMNH, + CO, 


which react with the remaining isocyanate groups to extend the polymeric chain: 


wAMNH, + “ArN=C=0 = wv AINH—C—NHAr~ 


The carbon dioxide which is liberated in the first step is embedded in the polymer 


and causes the characteristic foam. 


(iii) Thiocyanates and isothiocyanates. Thiourea is obtained by heating am- 
monium thiocyanate at 160-170°C (cf. the formation of urea from ammonium 


cyanate): 
NHjNCS ~ — HN=C=S + Nis 
NH3 z ng 
Hace HN ste ce H5N 
s s S 


thiourea 
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Likewise, organic isothiocyanates react with ammonia to give monosubstituted 
thioureas, e.g. methyl isothiocyanate gives N-methylthiourea in about 75% yield 


[3]: 


N-methylthiourea 


Reaction with amines gives disubstituted thioureas, 


RN=C=S + R'NH2 ae RN R' 


Symmetrically substituted dithioureas are more easily obtained by treating 
amines with carbon disulfide in refluxing alcohol. Reaction probably occurs by 
addition of one molecule of the amine to carbon disulfide to give a dithiocarbamic 
acid; this loses hydrogen sulfide and the resulting isothiocyanate reacts with a 
second molecule of the amine, e.g. 


a, Priita 28 PhS PhNH SH 
Nin —P_ — 
So% bts § S 
HS PhNH : H 
He pees 2 N_ UN 
Soc er PhN=C=S Ph? a Ph 
S 


The last reaction ts reversible, and by treatment with acid to remove the amine, 
isothiocyanates can be obtained: 


H oH 
NOUN, = PhN=C=S +  PhNH, 
Pho \ ~Ph 

S 
PhNH, + H* — PhNH} 


The treatment of disubstituted thioureas with mercury(I) oxide (to remove 
hydrogen sulfide) has been used to obtain carbodiimides, reagents used in peptide 
synthesis (p. 338): 


N N. H90 RN=C=NR 


Ss a carbodiimide 
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10.4 
Substitution by 
nucleophilic 
nitrogen at 


unsaturated 
carbon 
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A carbonyl group attached to a group capable of departing with the covalent 
bonding-pair is susceptible to substitution by nitrogen nucleophiles, e.g. 


H3N: 2 — Paces Ae 
Cl Cl) 

These reactions are analogous to the base-catalyzed hydrolyzes of the carbonyl- 
containing compounds (p. 114). As in hydrolysis, the order of reactivity of 
compounds containing different leaving groups, X, is: acid halides > anhydrides 
> esters > amides, i.e. X = Cl (etc.) > OCOR > OR > NH). Amides are 
effectively inert to displacement (except in suitable intramolecular processes, e.g. 
formation of succinimide, below). Carboxylic acids react, but vigorous conditions 
are required because the nitrogen nucleophile, acting as a base, converts the acid 
almost entirely into the unreactive carboxylate ion. 


(a) Reactions of ammonia and amines 


Acids react with ammonia only at high temperatures, e.g. benzoic acid and 
ammonia, heated in a sealed tube at 200°C, give benzamide: 


ea oe H,0 ae 


Oo 0 


Amides and substituted amides are more conveniently prepared by treating acid 
chlorides or anhydrides with ammonia or an amine; reaction can be very vigorous, 
particularly when acid chlorides are used, and care is needed. 


YT o+ NH — = 4 + HCl 
fe) fe) 

an is (a + NHg — bas ike +  RCOH 
Oo 0 fe) 

Bes sau AL ENR a5 
fe) fe) 

Ae So ceheh saese. HE ee <a 
fe) 0 
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Amides themselves are so weakly nucleophilic that further reaction, e.g. 
RCONH, + RCOCI— RCONHCOR + HCI, occurs only slowly and the mono- 
acylated derivative may be isolated in high yield. However, intramolecular dis- 
placement can occur if a five- or six-membered ring is thereby formed, e.g. 
succinimide can be obtained by heating the acyclic diamide of succinic acid: 


ANC = Ad = Ako se oe 
‘ in emai ©) O 
On NH, NH 0 iN NH, 0 N° ONHs y 


succinimide 


In practice, it is easier to obtain succinimide and related cyclic imides directly 
from the corresponding anhydrides by treatment with ammonia at a high tempera- 
ture. For example, by heating phthalic anhydride with aqueous ammonia so 
that the water is gradually distilled and the temperature rises to about 300°C, 
phthalimide is obtained in over 95% yield [1]: 


9) O NH, fe) 
+ 
NH 
Ob — Of — OC 
O O & 


O O O 
NH. + -H2O 
<@- — Oo 2 . 
O “O OH O 


Ethyl! chloroformate and phosgene (carbonyl chloride) react with amines to give 
urethanes and substituted ureas, respectively: 


RNH, + Cl __OEt nian ae aia + Hct 
y y 
Cl Cl i ql 
2 RNH, + Yr —_ ae’ Nva + 24HCI 
j y 
2RNH + ee aoe Peepers +  2HCI 
O 1e) 
OEt 
Finally, the grouping, Tey contained in imino-ether hydrochlorides, 
NH}, 


reacts analogously to the ester grouping. For example, acetamidine hydrochloride 
can be obtained in about 85% yield from acetonitrile by the acid-catalyzed 
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addition of ethanol followed by treatment of the resulting imino-ether hydro- 
chloride with ammonia [1]: 


+ * : 
ee eo \ NH 


Eto 


+ e - 
wo or Meg nn, = CH et cr” 
Eto cI” 


EtO HN 


(b) Reactions of other nitrogen nucleophiles 


Hydrazine reacts with acid chlorides, anhydrides, and esters to give acid hydra- 
zides, e.g. 


T +  NH)NH2 — YP TNH2 + HCl 


Introduction of the acyl group reduces the nucleophilicity of both nitrogens, more 
strongly affecting that to which it is attached; further acylation requires more 
vigorous conditions and occurs at the unsubstituted nitrogen atom, 


Cl R pared R We 
R N. i ~ oo ae HCI 
NH + N R 
TY 2 TY T H 


Hydroxylamine also reacts with carboxylic acid derivatives giving (tautomeric) 
hydroxamic acids, e.g.,* 


H 
; RONG eid, “Regis 
ROR on -H a NOW aoe” “Od 
0 O OH 


The reverse reaction, hydrolysis of a hydroxamic acid to a carboxylic acid and 
hydroxylamine, is applied in an industrial process for making carboxylic acids. An 
aliphatic nitro compound, available through vapour-phase nitration (p. 551), is 
heated with hydrochloric acid; the acid catalyzes the formation of the tautomer, 


* Hydroxamic acids give deeply coloured complexes with iron(1) ion, and this provides a method for 
detecting the ester group in qualitative analysis. 
H 
R N7~ 0 


3 pon at JL be 
R~ ~G, 


OH 
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an anionotropic shift via the addition and elimination of water and the reverse of 
hydroxamic acid formation: 


- OH OH 
ee ee Se, 
RUNso Tien "so =x nd No aoa 
H 
OH 
H 
oe + 4 H° Cj : 
R.ND Pale R Neon == R Ney 
{9 ~OH uae Hol? 
oo bY H H 
H,O0 
4 -H0 R a OH Hg" i ai + NH,OH 
OH 0 


Acid azides, required for the preparation of amines via the Curtius rearrangement 
(p. 443), may be made by treating acid chlorides with sodium azide: 


ee * Nat*Na ae Puan 


.@) Oo 


10.5 


Reactions of 
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electrophilic 


Four nitrogen-containing groups may be bonded to aliphatic carbon by pro- nitrogen 
cedures involving electrophilic nitrogen. The groups are nitroso (—NO), nitro 

(—NO)), arylazo (—N==NAr), and arylimino (=NAr). The introduction of 

the arylazo group is discussed subsequently (section 13.4). 


(a) Nitrosation 


The nitroso group may be introduced in one of two ways. First, unsaturated 
carbon which is strongly activated towards electrophiles, such as that in an enol, 
reacts with nitrous acid or an organic nitrite in an acid-catalyzed process; the 
electrophile is thought to be the nitrosonium ion, NO*: 


— 


HO7 Ngo + Ht = H,07 Neo = HO + #4NO 


RA R me) +H R 20 
Rn + — N7 a SN 
Ho: Ne HOt re) 
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If the product has a hydrogen atom attached to the nitroso-bearing carbon, it 
tautomerizes to the more stable oxime: 


i ae =— RS Non 
6) 


For example, acetoacetic ester, when treated in acetic acid solution with aque- 
ous sodium nitrite, gives the oximino-derivative: 


NOH 


Oe Sbcoxt 
fe) OH fe) 


Compounds which are not significantly enolic but are capable of enolization 
also react, for the enolization is catalyzed by acid. For example, butanone reacts 
with ethyl nitrite* and hydrochloric acid to give biacetyl monoxime in about 70% 
yield [2]; note that reaction occurs at the methylene and not the methyl group 
since the corresponding enol is formed the more readily of the two (cf. p. 257). 


NOH 


ae ore es EtONO - HC! 


fe) OH fo) 


Likewise, nitromethane gives methyl nitrolic acid via its tautomer: 


eo ‘ 0. < 
Me. +O a Si OH NO s nar = MONK O 
oOo oO oO 


methyl nitrolic acid 


In the second method a compound containing a C—H group adjacent to one 
or more groups of —M type is treated with base (usually ethoxide ion in ethanol) 
in the presence of an alkyl nitrite. An enolate is generated and reacts with the 
nitrite in a manner analogous to the Claisen condensation (p. 226): 


* Ethyl nitrite is prepared by treating an aqueous ethanolic solution of sodium nitrite with sulfuric 
acid, analogous to the esterification of a carboxylic acid (p. 115): 


NaNO. + Ht —* HO-NO + Nat 


; 
HoNSg + HH == yg NQ 


E 
tLe 


| +0 
+ Ne ee oN 
H,05'“0 E10“ "So 
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EO, 00 
R - R ae 
OR 0 YR ae YOR = 
re) Oo fe) 
EtG) (¢ 
Sye? nz 

R E107 

we R' EON RAR 

fe) ro) 


If the product contains a hydrogen atom on the nitroso-bearing carbon, its 
acidity is such that it is converted essentially completely into its (delocalized) 
conjugate base (cf. the synthesis of B-keto-esters, p. 226); acidification gives the 
oxime. 

HR sy 
t 
O 4? 


Re 220 R R 
Oo ht Ss 
N we YAN =e SN 
Oo 860 Oo oO Oo ° 


If, however, the nitroso product cannot be removed from the system in this way, 
a reverse Claisen reaction involving heterolytic carbon-carbon bond fission can 
take place: 


rX EO” na -RCO,Et ee A H" oe 
N = Bos hy eae al eae " 
Oo Oo o oF OH 


This principle was applied in the synthesis of quinine to effect a required ring 
opening: 


N \ 
0 oO. N 
EtONO - EtO7 | EtO,C | 


Enols and potentially enolic compounds are also those which are capable of 
giving enolates, so that the acid- and base-catalyzed methods are alternative 
procedures. The following examples include both methods. 


be HNO, - H* Nn 


(e) O OH 
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Cl 
-H* Ph 
ea BuONO -H ast 
oO O OH 
85% 
NOH 
ae ie HNO, - H* 
Oo 60 Oo 60 
78% 
. NOH 
EtONO - E10 
Ph“ ~CO,Et Si scone 
70% 


The products of nitrosations have two main synthetic uses. First, reduction 
leads to amino derivatives. Those derived from ketones are unstable because 
they readily undergo self-condensation, but several heterocyclic syntheses are 
successfully carried out by reducing B-keto-oximes in the presence of compounds 
with which the products react to form ring systems such as pyrroles, e.g. 


NOH 


co, £t 
YP COnEt _HNO2 GOsE:. AO). 2 
0 Bee O + Zn- ACOH 
O CO.Et CO,Et 
[ear ae ae 
EtO,C~ “NH, O EtO.C : 


Second, hydrolysis converts the oxime into a carbonyl group, e.g. 


NOH oO 
NS 1307 0* Ss 
oO 1@) 


so that the overall process can be used for the transformation, —CO—CH,— 
— —COo—COoO—. 
(6) Nitration 


The nitronium ion, NOJ, is generated, analogously to the nitrosonium ion, by 
treating concentrated nitric acid with a powerful acid such as sulfuric acid. This 
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method is widely used for bonding aromatic carbon to the nitro group (p. 376), 
but it is not suitable for the nitration of aliphatic systems because of the oxi- 
dations and degradations which tend to occur in these very vigorous conditions. 
However, a base-catalyzed procedure analogous to nitrosation may be used: an 
enolate-forming compound is treated with base in the presence of an organic 
nitrate. For example, benzyl cyanide and methy! nitrate* react in the presence of 
ethoxide ion to give a nitro compound which, on alkaline hydrolysis followed by 
acidification, gives phenylnitromethane in 50-55% yield [2]: 


:. 
+ 
meot'so - 
10" 7 MeO, t+ LO 
Ph* ~CN === Ph~Sc. + Ph Sy ee MeO 
Ph CN 
ale oe NO, NO, 
H 
‘a Pesta “™N 
Ph~ CN ae oe en oH Ph~ NO, 


(c) Formation of imines 


Enolate-forming compounds react with aromatic nitroso compounds to give 
. . + 
imines: 


The reaction provides a method for the oxidation of activated methylene groups 
to carbonyl groups which are released on acidic hydrolysis of the imine. The 
readily prepared p-nitrosodimethylaniline (p. 380) is usually employed as the 
nitroso compound. For example, reaction with 2,4-dinitrotoluene, whose methyl 
group is activated by the ortho and para nitro groups, gives 2,4-dinitroben- 
zaldehyde: 


* Methyl nitrate is prepared from methanol and nitric acid in the presence of concentrated sulfuric acid 
(cf. cthy! nitrite; p. 320). It is not very stable and is used immediately. 

* This reaction bears the same relationship to that between an enolate and an alkyl nitrite as the aldol 
reaction bears to the Claisen condensation. 
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NMe, 
Me CH, CH, 
NOz , NO, NO, 
——e <a ~~ etc N. 
xe) 
NO, oe No “oo 
NMe, 


is 2 NMe, 


J 
) H30 
a 
NO 
NO, NH, 
2,4-dinitrobenzaidehyde 
NO 


10.6 
a-Amino acids, 
peptides, and 
proteins Proteins are naturally occurring long-chain polymers, of universal occurrence in 
living systems, which are derived from a-amino acids linked together by amide 


bonds: 

N-terminal C-terminal 
amino acid amino acid 

@) R' H oO R™ 

N H 
H2N : a4 ee wor 
: H a : 
Oo R 1H 6 


The commonest a-amino acids, R—CH(NH2)CO2H, in proteins are: R = H 
(glycine), CH; (alanine), (CH3)2CH (valine), (CH3)2CHCH, (leucine), 
CH3CH2CH(CH;3) (isoleucine), HOCH, (serine), HSCH, (cysteine), 
CH3SCH,CH; (methionine), HOyCCH, (aspartic acid), HO,CCH2CH) (glutamic 
acid), H2N—-(CH2)3— CH) (lysine), PhCH (phenylalanine), together with 


NH 


H H 
H % -COH % -COjH 
avn A On be ed 2 4 2 
E NH, HO NHz N- NH, 
H 


arginine tyrosine tryptophan 
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HO. 


ae The 
« ce CO2H N" YCO3H 
H 


histidine prone hydroxyproline 


Except in one case (glycine) the carbon atom of the —-CHR— fragment in the 
protein chain is asymmetric and each has the same (L) configuration at this centre: 


H 
+ .CO.H 
R ~° 2 ' HN 00H 
NH, R 


L a-amino acid 


Peptides, which also occur naturally, are similar polymeric materials but of 
smaller chain length. The (arbitrary) distinction between peptides and proteins is 
that those polymers with molecular weights less than 10000 are termed peptides 
and those with higher molecular weights are termed proteins. 

The acid-catalyzed hydrolysis of peptides and proteins yields the constituent a- 
amino acids, and the syntheses of peptides achieved to date have been based on 
the reverse of this process. The o-amino acids gre therefore of considerable 
importance. They are zwitterionic compounds, H3N—-CHR-——-COj, both in the 
solid state and in solution, although in the latter conditions the zwitterion is in 
equilibrium with both its conjugate base and its conjugate acid, the position of 
equilibrium depending on the acidity of the medium: 


+t 


oO i¢) O 
Hon AA = Bulk HN AA o = HN ok a 
R R R 


The physical properties of a-amino acids reflect their zwitterionic structure: 
they are high-melting solids (>200°C), insoluble in non-polar solvents, and sol- 
uble in water (the solubility decreasing as the group R is made increasingly 
non-polar). Since they are normally obtained in aqueous solution together with 
inorganic salts, the isolation of the more soluble members of the group is difficult. 
They can be obtained in one of three ways. 


(1) Copper(i) ion is added to precipitate the copper chelate, 


H H 0 
fe) R,, O 
+ 2+ ve N 4 
2 Ho ALG —_ eT. 
2 -2H Oo wR 
R {@) Nn 
H 


(2) Hydrochloric acid is added, the solution is evaporated to dryness, and the 
amino acid hydrochloride is extracted into alcohol (leaving the inorganic salts as 
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residue). Lead oxide is then added to remove chloride ion, followed by hydrogen 
sulfide to remove lead ion, and evaporation leaves the amino acid which can be 
recrystallized from water or aqueous alcohol. 

(3) The simplest and most modern method is to separate them from inorganic 
salts on an ion-exchange resin. 


(a) The synthesis of a-amino acids 


The following are the more general methods for the synthesis of a-amino acids, 
illustrated with reference to some of those derived from proteins. 


(i) From a-halo-acids. The simplest method consists of converting a carboxylic 
acid into its a-bromo-derivative and treating this with ammonia: 


Br NH, 
NH 
R~~CO.H ascot a R~ ~CO,H 
(racemic) 

The Hell-Volhard~ Zelinsky procedure is normally employed for the first step. 
The acid is treated with bromine in the presence of a small quantity of phos- 
phorus, the phosphorus tribromide formed converts the acid into its acid bromide, 
this undergoes (electrophilic) bromination at the a-position via its enol tautomer, 


and the resulting a-bromo acid bromide exchanges with more of the acid to give 
a-bromo acid together with more acid bromide for further bromination: 


2P + 3 Bro ——— 2 PBrg 


Br 
“—N PBrg Br = Br Bro Br 
Be ee i ny -HB¢ ong 
ce) OH O 
Br Br 
Br Br 
ae + R7%COH a eoui + RNS 
oO 16) 


The conversion of the a-bromo acid into the a-amino acid may be accomplished 
with excess of ammonia (p. 302), but better yields and purer products are usually 
obtained by the Gabriel procedure (p. 303). 

The use of malonic ester considerably increases the versatility of this general 
method. First, the appropriate alkyl group can be attached by the standard 
alkylating procedure (p. 236), and second, bromination of the resulting substituted 
malonic acid occurs readily with bromine alone because these acids, unlike mono- 
carboxylic acids, are significantly enolic. The synthesis of leucine is illustrative: 
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a CO2Et . CO2H 
Et0,C~ ~CO,Et + Br tO hydrolysis 
oe lee ie : 


CO,H 


Bro COH 130 °C CO2H NH COH 
ee oe! woe ee 
Br Br NH, 


leucine 


This approach may be combined with the Gabriel procedure, as in a synthesis 
of methionine: 


Et0,C_ _CO,Et CO.Et 


ii Et0,C___CO,Et Ss CO.Et 
Br oa . Me ~~ 2 
+ N 
; N -K8r 2 MoS e 
ese Na 
HO2C CO3H CO.H 
1) OH Me~> CO.H COr eS CO2H 
2)H* , eae 
NH, NH, 
methionine 


Application of the same method to the synthesis of cysteine illustrates the use 
of a protective group: the —SH group in cysteine is held in the form of its 
benzyl-derivative until the final stage and is then released by hydrogenolysis 
(p. 644): 


| Cl 
“" ane 
Ph SH + CHO + HC! ee? Auge 
Et0,C_ CO,Et Goze 
r we 2 ‘i prs“-Coet 

7 1) OH™ 

0. N Oo + Ree Eto (e) N O 2) Ht 
“COa 
HO.C — COpH 
+ Phos CO,H = _Na-NHg Hs CO,H 


-PhMe 
NH, NH, 


cysteine 
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The amino group may also be introduced via nitrosation at an activated C—H 
group. For example, alkylation of acetoacetic ester with 2-bromobutane followed 
by treatment with an alkyl nitrite in the presence of base gives a nitroso-derivative 
which, being incapable of ionizing, undergoes cleavage (cf. p. 321). Reduction of 
the resulting oxime gives isoleucine: 


CO.Et 


CO-Et CO.Et a 
Br - BIO" 
{ P < gee ae 9 RONO-Et0 ee 
CO.E 
= GAP. anche A cot 10° 
eee O ie ae 


OEt xe) 
A 0 Zn-HCI A cos 
NOH NH, 
isoleucine 


A further modification employs acetamidomalonic ester, i.e. the amino group is 
introduced in a protected form before attachment of the required alkyl residue. 
Acetamidomalonic ester is obtained by nitrosation of malonic ester (cf. p. 319) 
followed by reduction in the presence of acetic anhydride. An example of its use 
occurs in a synthesis of glutamic acid: 


CO,Et 


EtO,C._COZEt 4 HNO, Hy E100. COLE! Zn - ACOH - Ac,O HL Cozet 
N NHAc 
“OH 
CO,Et 
EtO™ See COZEt 1) hydrolysis HO2C CO2H 
aes a T Teme Se 
Et0,c__J Ac NH, 
glutamic acid 


A variation of this method is used in the synthesis of lysine where the alkyl 
residue is introduced by Michael addition: 


fe) CO,Et © go OH 
H E10" O2Et NC CO,Et 
yA + sf Cee 2. pA cout _. oN cone! 


NHAc NHAc NHAc 
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CO,Et 
1) dehydration ba it es a 1) hydrolysis HN CO2H 
2) reduction 2) decarboxylation ei 
NHAc NH 


lysine 


(ii) Strecker reaction. This reaction may be carried out either with potassium 
cyanide and ammonium chloride (p. 308) or with hydrogen cyanide and ammonia; 
the latter conditions obviate the need to separate the product from potassium 
chloride. The intermediate a-aminonitrile is conveniently hydrolyzed with sulfuric 
acid, sulfate ion then being removed from the solution by the addition of barium 
carbonate. 

Methionine has been synthesized by the Strecker procedure:* 


HCN - NH S CO,H 
Me“S\cHo NS MeSN th, Me“ a i 


NH> NH 
methionine 
The following synthesis of serine by the Strecker procedure illustrates a method 


for introducing an alcoholic group in a protected form. The ether linkage is 
hydrolyzed at the final stage by boiling with hydrobromic acid. 


EIO cho «He BIO HBr- HO wo OO 
NH, * NH 
serine 


(iii) Curtius method. Acid azides undergo thermal rearrangement to isocy- 
anates (p. 443). In the presence of water the isocyanate reacts to form an amine 
via the unstable carbamic acid. The required acid azides are readily obtained from 
malonic ester and its derivatives, e.g. 


* B-Thiomethylpropionaldehyde may be prepared as follows: 


Cl OEt £ 
HCI - EtOH MeS 
ee. - ee ee — 


S) OEt 
Me“ ~~ tho. me“°\cHo 
OEt 
The addition of hydrogen chloride to propenal (‘anti-Markovnikov’; see p. 84) is followed by 


conversion of the aldehyde into its diethyl acetal which protects the compound against base-catalyzed 
reaction during treatment with the methanethiol anion. 


329 


330 = PRINCIPLES OF ORGANIC SYNTHESIS 


arn - Kt CO3H 
a KOH Cc K NoHa CO2 K HNO» ye 2 
-2H20 
CO.Et CO.Et oF . O* ~Ng 
H-N 
NH, 
CO.H. CO.H 

tet yo (ie i. an 
eT ats NH 

No Neo HN. Cont 2 

> 
fe) dlycine 


(iv) Condensation methods. The aromatic-containing a-amino acids are usually 
prepared by Perkin-type reactions between aromatic aldehydes and the activated 
methylene groups of hydantoin and related cyclic compounds. The general pro- 
cedures have been outlined earlier (p. 219), and are suitable for the following 


conversions: 
H 
° COH 
= NH, 


phenylalanine 
H 
cr foe 
HO HO NH, 
tyrosine 
H 
¢ 4 ¢ Y ~__CO3H 
ce) P 
| TNH 
N N 2 
H H 
tryptophan 
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(b) The synthesis of peptides 


The synthesis of peptides from a-amino acids presents three main problems. First, 
a reaction between two a-amino acids could give each of four products (two by 
self-condensation and two by crossed reaction). In order to achieve a specific 
mode of reaction it is necessary to protect the amino group of one reactant and 
the carboxyl group of the other so that reaction can only occur in one way; after 
the peptide link has been formed, the protecting groups are removed. Secondly, it 
is necessary to activate the carboxyl group which is to be bonded to amino in 
order that the peptide-forming step should take place in mild conditions in which 
undesirable side reactions do not occur. 

Thirdly, it is necessary to prevent racemization of the optically active centres in 
the peptide units, for the synthesis of a natural peptide requires that all these 
centres should have the L-configuration. Racemization usually occurs as follows: a 
basic reagent initiates formation of the oxazolone system, 


:B 
R’ We 
H H 
oe wf ae my AK GN ae 
H o_o H a 
oO” “Cl ‘O 


the optically active centre racemizes via the enol form of the oxazolone, 


R 55 R' iy R 
wy en SR ue wy Aen — moyen SaH 
H 0 H Oo I H fe) 

re) ‘OH 
L- 


and ring opening of the pL-mixture of oxazolones (by, for example, reaction with 
the amino group of the amino acid to be bonded) gives DL-peptide.* 

Finally, when o-amino acids which contain other functional groups such as 
-~SH are employed, additional protection is necessary. 

In the synthesis of peptides, the step-wise technique is usually adopted. One 
amino acid is protected at its carboxyl end with a group Y and the second is 
protected at its amino end with a group Z and activated at its carboxyl group 
by conversion into a derivative —-COX. Reaction between the two forms the 
peptide bond. The group Z is now removed and a third amino acid, protected at 
its amino end and activated at its carboxyl end, is introduced to form the second 
peptide bond. Repetition of the procedure gives the required peptide. 


*The problem of racemization is not encountered when the amino acid unit is glycine, which is not 
asymmetric, or proline or hydroxyproline, which cannot form oxazolones of this kind. 
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The chief advantage of the step-wise procedure is that the likelihood of race- 
mization is minimized because the oxazolone-forming intermediates (i.e. peptide 
chains terminating in —COX) are not involved. In some syntheses, however, it is 
desirable to bond two pre-formed peptide units and racemization is then only 
avoided by using the acid azide method of activation (p. 338). 


(i) Methods of protection. A practicable method of protection must have the 
following characteristics: the protective group must be capable of introduction in 
conditions in which side reactions, including racemization, do not occur; it must 
be inert in the conditions in which the peptide link is formed; and it must be 
removable in conditions which do not affect other bonds, in particular the peptide 
bonds. 

The carboxyl group is normally protected by converting it with isobutylene in 
the presence of sulfuric acid into its t-butyl ester: 
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+ 
R 
R a a : ee HO yo Somes 
(e) 


The protecting group may be removed by mild acid hydrolysis via the readily 
formed t-butyl cation: 


R RO 


P 
yr ome, a A vcmes _Mesc" 
fe) HO? OH 


MesCt + HQ  ——~ Me,C-OH 


The amino group is commonly protected in organic synthesis by acetylation or 
benzoylation. Neither method is suitable here because hydrolysis of the amide 
linkages to the protective groups also cleaves the peptide bonds. Certain acyl- 
amino groups can, however, be cleaved by methods other than basic hydrolysis, in 
particular, by catalytic hydrogenolysis and mild acid hydrolysis. Four derivatives 
are widely employed. 


(1) The benzyloxycarbonyl group. Benzy| chloroformate (from benzyl alcohol 
and phosgene) reacts with amino groups to give benzyloxycarbonyl-derivatives: 
H 
Hive BL PO Ne 
oO fe) 


The protecting group may be removed by hydrogenolysis,* carried out with 
hydrogen on a palladium catalyst, 
H CO, 


N—ww —e H,N—~w 


HOC” 


H 
Ph. [O. N—~w~ 1. phe + 


Bea 


oO 


but sulfur-containing compounds (i.e. units derived from cysteine and cystine) 
poison the catalysts. A suitable alternative reducing agent is sodium in liquid 
ammonia. 

(2) The t-butyloxycarbonyl group (‘Boc’). This was originally introduced by 
reaction of the amino group with t-butyl azidoformate, 

H 
MesCO. Ns +  HN—w ZHNg Meso Nas 
oO oO 


However, the azidoformate is a hazardous compound and it has been replaced 
by two stable compounds which react readily with the amino group at room 
temperature: di-t-butyl dicarbonate [7], 


*Systems of the types AtCH,O— and ArCH,N< undergo hydrogenolysis (i.e. hydrogenation with 
bond fission) in catalytic and other conditions, see p. 643. 
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H 
Mes Oe HN—w eae a CO2 + Me,C- OH 


Oo Oo 0 


and an oxime derivative,* 


CN H CN 


Ay 0emes Sr MPO ON oe oe. eke 


Ph Ph~ *NOH 
fe) ro) 


Its high reactivity towards the amino group is due in part to the ~M effect of the 
cyano-group: 


Ci Het i 
ye } OCMe: ‘ { : 
+H wa 
i Or 3 AL ee A, 7 tere 
fo) O 


After peptide-bond formation, the t-butyloxycarbonyl group is removed with 
cold trifluoroacetic acid: 


H H 
F. 

Se Oats ON sew \ Eee 

3 
oO OH 
H 
-Me3C* rnr—N —_ vow—NH2 + COz2 
‘CO,H 


In order to prevent the t-butyl cation which is liberated from reacting with peptide 
components such as the activated aromatic rings of tyrosine and tryptophan, an 
efficient carbocation scavenger such as anisole or dimethyl sulfide is included. 

(3) The biphenylyl analogue of Boc (‘Bpoc’). The advantage of this protecting 
group compared with Boc is that it can be removed under milder acidic conditions 
- an aqueous solution of the weakly acidic CF;CH,OH —- as a result of the 
additional stabilizing influence of the aromatic rings on the leaving carbocation: 


* This is prepared from phenylacetonitrile (6}: 


MeONO - MeO™ CN COC. on 
Ph~ "CN ee ee Bie tne 
Me se nee “HCI oe ee 
CN 
MesCOH os 
HCl Ph~ SNOCO,CMe, 
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se 
A <=. etc 


(4) The 9-fluorenylmethyloxycarbonyl group (‘Fmoc’). The important charac- 
teristic of this protecting group is that it can be removed by treatment with a 
weak base, such as piperidine, which does not affect other linkages. The reason 
doubtless lies in the aromatic stabilization energy of the 9-fluorenyl carbanion 
(p. 40), whether or not this is an intermediate (as shown) or a contributor to the 
transition state of an E2 elimination. 


ee base | 
= aioe 
\ wy O 
“0 H 
N 
Gore <a + Naw 
‘ y 


Racemization via the oxazolone is not a significant problem with any of the 
above four amino-protecting groups. 


Additional protection. In most polypeptide syntheses, one or more amino 
acids is involved which contains a reactive group in the side-chain. This must be 
protected with a group that is not affected when the a-amino protecting group is 
removed. There are two general cases. When the a-amino group is protected by t- 
butyloxycarbonyl, which is removed by trifluoroacetic acid, the side-chains are 
protected by groups that are unaffected by this but are removable by hydro- 
genolysis, namely benzyloxycarbonyl for side-chain amino and benzyl for side- 
chain hydroxyl, thiol, and carboxyl. When the a-amino group is protected by 
benzyloxycarbonyl, which is removed by hydrogenolysis, or by Bpoc or Fmoc, 
which are removed by very mild acidic or basic conditions respectively, side-chain 
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protection is usually by groups that can be removed by trifluoroacetic acid, 
namely t-butyloxycarbony] for amino and t-butyl for hydroxyl and carboxyl. 

Glutamic acid and lysine present particular problems. The former occurs in 
peptides and proteins as both a-glutamyl! and y-glutamyl residues 


COH HOC 
BINS N estat N ae, 
H fe) H re) 
a-glutamyl yglutamyl 


and it is therefore necessary to be able to protect each of the two carboxyl groups 
separately. The y-carboxy! group can be protected as follows: (1) both carboxyl 
groups are benzylated, (2) mild acid hydrolysis preferentially regenerates the y- 
carboxyl group,* (3) the amino-protecting group Z is introduced, (4) the free 
acid is esterified with isobutylene, and (5) the a-benzyl group is cleaved by 


hydrogenolysis: 
OO. Ph 
Seas ; 
H 
HN ~CO,H +  2PRCHZOH ra Hai YON PP 
10) 
O. OH Ox OCMe; 
HI /AcOH + O. JPh 3) introduce Z_ Z. O.Ph 
@) igh = 4) - H re) 
Ov (OCMe, 
-Pd 
6) 
ZAK CO2H 


* The acyl-oxygen of the a-carboxyl group is less basic than that of the y-carboxyl group because it is 
more affected by the electron-withdrawing positive pole. Consequently acid-catalyzed hydrolysis, 


mm ON Ph cae NON Ph _PRCH WN, COH 
re) OH 


occurs more readily at the y-ester. 
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The a-carboxyl group is protected by acid-catalyzed methylation of the y- 
carboxyl, t-butylation of the a-carboxyl, and cleavage of the y-methyl ester with 


base:* 
CO>H CO,Me 
+ MeOH commana 
COH 


+ + 
H,N~ ~CO.H HN 
CO2Me CO,H 
1) introduce 2 Zz OH” Z 
~N CO2CMe3 “N CO2CMe, 
2) H H 


Lysine contains an amino group in the side-chain, although it is always present 
in peptides and proteins as the a-lysyl group. The e-amino group may be selec- 
tively protected by adding the protecting agent to lysine’s copper chelate, e.g. 


Q Me,CO._.N Q 
oY i fe) res v 
HON fs | a Me,cO7 SN a 

nit \ : oN nit 


Finally, the guanidino group in arginine can be protected by nitration, or by 
conducting the synthesis at a pH at which the group is essentially fully protonated 
(the pK of —-NH—C(NH2)==NH is ~12, so that at pH 7 only about one 
molecule in 10° is not protonated). 


(ii) Methods of activation. Carboxylic acids react with amines only under very 
vigorous conditions (cf. ammonia, p. 340). It is consequently necessary to convert 
the acid into a derivative which ts more reactive towards nucleophiles, the 
requirement being that the group X in the derivative R—-CO—X should be a 
good leaving group. Derivatives of several types have been used. 

(1) Acid chlorides (X = Cl). These are exceptionally reactive towards nucleo- 
philes and peptide-bond formation occurs readily but chloride ion is so good 
a leaving group that N-carboxyanhydrides are formed from benzyloxycarbonyl- 
protected acid chlorides: 


1@) 
‘ Ph " Ph__oi 
pre + peaeree + 
Ph a a R yr ~~ oa R 
Go a“ 0 


*The readier acid-catalyzed esterification of the y-carboxyl has the same basis as the readier acid- 
catalyzed hydrolysis of the y-ester (preceeding footnote). The selective base-catalyzed hydrolysis 
occurs because the t-butyl ester is more hindered than the methyl ester. 
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(2) Acid azides (X = N3). Conversion of an acid into its azide can be accom- 
plished under relatively mild conditions (esterification, treatment with hydrazine 
and then with nitrous acid, p. 443). Azides, though not so reactive as chlorides, 
are sufficiently reactive for peptide-bond formation to occur smoothly without the 
competing reaction leading to the N-carboxyanhydride. 


HaN—w G Ng HY ONS ‘ 
$- ee aR 


(3) Mixed anhydrides (X = OCOR). Mixed anhydrides are readily formed by 
displacement by the nucleophilic carboxylate anion on an acid chloride. A typical 
example is the reaction with ethyl chloroformate, triethylamine being added to 
generate the carboxylate ion: 


EtgN 7 CICOZEt O. 
oe ne T CO,Et 


Reaction of an amino group with the resulting mixed anhydride occurs smoothly: 
H 
sco.et HN NN Ne + | E10-CO; + H*| — = GI0H + CO) 
9 fe) 


(4) Activated esters (X = OR). Although alkyl esters are not very reactive 
towards amines, aryl esters, particularly those with electron-attracting substitu- 
ents, react readily. The reason is that the negative charge in aryloxide anions is 
delocalized over the aromatic ring and over ortho- and para-substituents of —M 


type, e.g. 


; : —— 
GO Reet a ea 
Ne Ne Ne 
c@) \e) ie) 


so that ArO™ is a much better leaving group than RO™.* As a consequence, the 
p-nitrophenyl group is widely used for activation of carboxyl: 


H,N—~~ ald “° -ArO™ N 
a =a ee AN er aa a? Nw 


fe) 
(5) Carbodiimide. Carboxylic acids react readily with amines in the presence 


of acid and a carbodiimide (usually dicyclohexylcarbodiimide), a disubstituted 
urea precipitating from solution. The probable mechanism is:' 


*This is also, of course, the basis for the greater acidity of phenol than an alcohol, and of p- 
nitrophenol than phenol, p. 45. 

*The two C=N bonds make the central carbon atom very reactive towards nucleophiles, particularly 
in the presence of an acid. The resulting adduct, containing the grouping —CO—O—C==NR, is 
analogous to an anhydride and reacts readily with amino groups. 
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‘4 R'NH, 
NAS, iH * N O. ) R 
7 "oO. UR UNY_LOLUR LH - 
Cc Seen R = R' 
. Y Y a 
ae 0 aN 0 ROH 
H P H f 
R 
SHS. aN UR — rN + aa “Rr 
Cnt oN NH O 
R'~ “H H R'- 


An improved procedure is to add the acid to the carbodiimide in the presence 
of N-hydroxybenzotriazole. The hydroxylic oxygen in the triazole is strongly 
nucleophilic and reacts with the adduct of acid and diimide to form a type of 
activated ester; this then reacts readily with the amine: 


n oe 
‘N =NR ae N a 
om Cr 
N 4 

N 
OH 


N 
oe A 
“ 
N te) 
Both the activated ester and the carbodiimide methods are suitable only for the 


step-wise synthesis of peptides, for carboxyl-terminating peptides are racemized 
by these procedures. 


(iti) Solid-phase peptide synthesis. The step-wise approach to peptide synthesis, 
when carried out by conventional chemical techniques in which each intermediate 
is purified before the next step, is of limited value for large peptides because the 
overall yield is likely to be very low. For example, if 50 synthetic steps were 
involved, then even if each gave a 90% yield, the overall yield would be only 
(0.9% x 100) = 0.5%; for 100 steps, it would be only 0.003%. Since many 
peptides of medical or biological importance require at least this number of 
operations, a new approach was called for. 

The breakthrough was made by the American, Bruce Merrifield, who intro- 
duced solid-phase synthesis. The growing peptide chain is attached by a chemical 
bond to a solid support in the form of an insoluble polymer. Instead of purifi- 
cation procedures after each step, impurities and unused reagents are simply 
removed by washing and filtration. The result is that each step is quantitative, or 
nearly so, and the overall yield is high. Moreover, the steps can be completed 
comparatively quickly. 
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An early example was the synthesis of bradykinin (a naturally occurring non- 
apeptide with important physiological properties). The solid support used was a 
copolymer of styrene and divinylbenzene. Styrene itself gives a linear polymer, 
(CH.—CHPh),, and the introduction of a small percentage of divinylbenzene 
yields a polymer with cross-linked chains: 


Ph Ph 


Ph Ph 


The resulting material has a gel structure with good permeability. About 5% of 
the benzene rings were then chloromethylated (p. 369) and the first amino acid, 
arginine, was introduced as t-butyloxycarbonylnitroarginine, its free carboxylate 
group reacting at the benzyl chloride centres so that the arginine was held to the 
solid as a benzyl ester (step 1). The t-butyloxycarbonyl group was removed 
with hydrochloric acid (step 2), triethylamine was added to liberate the amino 
group (step 3), and the second amino acid, phenylalanine (protected as its t- 
butyloxycarbonyl-derivative), was introduced, reaction being brought about by 
dicyclohexylcarbodiimide (step 4). The operations in steps 2-4 were repeated 
with the appropriate amino acids until the nonapeptide had been formed and the 
peptide was then detached from the solid by passing hydrogen bromide through a 
suspension of the solid in trifluoroacetic acid. This acid treatment also removed 
the final t-butyloxycarbonyl group and the benzyl protecting-group of a serine 
unit, and catalytic hydrogenation removed the nitro protecting-groups of two 
arginine units. Bradykinin was isolated in 68% yield. 


o 
to} 
v 
mz 
aon 
{e) 
Ne 
+ 
Q 
jee] 
° 
? 
xmz 
° 
je) 
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steps 2-4 repeated 7 times with 
the appropriate amino-acids 


NO2 OCH,Ph NO, 
Boc— arg — pro— pro— gly — phe — ser—pro—phe- ol a 


1) HBr - CF3CO2H 
2) Hp -Pd 


arg—pro—pro— gly — phe -- ser—pro—phe—arg 
bradykinin 


Boc = t-butyloxycarbonyl; arg = arginine; pro = proline; gly = glycine; 
phe = phenylalanine; ser = serine) 

The solid-phase method has now been developed by automation of the chemi- 
cal operations. A remarkable example of its use is the synthesis of the enzyme 
ribonuclease. This contains 124 amino acids, and the synthesis required nearly 
12000 automated operations. 

There have been a number of developments of Merrifield’s method, both in the 
type of polymer used and in the protection—deprotection regime. For example, 
in early applications, such as the synthesis of bradykinin, a-amino groups were 
protected with Boc and side-chains with benzyloxy residues. A complementary 
regime is now possible: a-amino groups are protected with Fmoc (p. 335) 
(removed with piperidine after each peptide bond has been formed) and side- 
chains with t-butyloxy groups, which can be removed at the end with trifluoro- 
acetic acid. Moreover, when the first amino acid is attached to the polymer 
through a suitable ‘linking’ group, e.g. 


HO cl 
{ )-0 co rs 
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the final peptide can be removed from the support at the same time as the side- 
chain protectors, as a result of the stabilizing influence of the phenolic oxygen on 
the intermediate carbocation in the acid cleavage: 


Problems 1. What products may be obtained from the reaction of ammonia with each of 
the following: methyl iodide; acetyl chloride; formaldehyde; acetaldehyde; 
chloral; acetone; benzaldehyde; ethylene oxide; 2,4-pentanedione; 2,5- 
hexanedione; acetonitrile; phenyl isothiocyanate; cyanamide? 
2. IlMustrate the types of product which can be obtained from the reactions of 
acetoacetic ester with compounds containing nucleophilic nitrogen. 
3. Outline routes to the following compounds: 


(a) Me3N (b) ni 


(c) H (d) “NN 


(e) L ; (f) u 


(g) 


(k) 


(0) 


(9) 


(s) 
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NHe 
“~NO> 


“No’ NO, 


(h) 


(j) 
() 


(n) 


(p) 


(r) 


an 
NH, 
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11.1 
The mechanism 
of substitution 


Electrophilic aromatic 
substitution 


The substitution of benzene by an electrophilic reagent (E*) occurs in two stages: 
the reagent adds to one carbon atom of the nucleus, giving a carbocation in 
which the positive charge is delocalized over three carbon atoms, and a proton is 
then eliminated from this adduct: 


HE We We E 
+ 


The electrophile may be a charged species, such as the nitronium ion, NO3, 
which participates in nitration (section 11.4), and the t-butyl cation, (CH3)3C*, 
which participates in Friedel-Crafts t-butylation (section 11.3), or it may be a 
neutral species which can absorb the pair of electrons provided by the aromatic 
nucleus. The latter class includes reagents such as sulfur trioxide (in sulfonation, 
section 11.5) which absorb the electron-pair without bond breakage, 


meee Oe 
J SO,—O 


and those such as the halogens in which uptake of the electron-pair leads to bond 
breakage and the formation of a stable anion, 


¢\S~ cf) AC Go elt + AIC 


The following are the chief characteristics of these reactions. 


(1) The intermediate carbocation adducts are too unstable to be isolated 
as salts except in special circumstances. For example, benzotrifluoride reacts 
with nitryl fluoride (NO,F) and boron trifluoride at low temperatures to give a 
crystalline product thought to be the salt, 
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This product is stable only to —50°C, above which it decomposes into m- 
nitrobenzotrifluoride, hydrogen fluoride, and boron trifluoride. The relative stab- 
ility of this adduct is associated with the stability of the fluoroborate anion. 

(2) In most instances, the first step in the process is rate-determining, e.g. in 
the nitration and bromination of benzene. There are some reactions in which the 
second step (loss of the proton) is rate-determining; sulfonation is the best known 
example. 

(3) The reactions are, with few exceptions, irreversible and the products 
formed are kinetically controlled (p. 68). Two important exceptions are sul- 
fonation (section 11.5) and Friedel-Crafts alkylation (section 11.3a); the rever- 
sibility of these reactions can lead to the formation of the thermodynamically 
controlled products in appropriate conditions. Use may be made of this fact in 
synthesis (p. 364), but in some situations it proves to be disadvantageous 
(p. 390). 

(4) Substitution is subject to electrophilic catalysis. For example, benzene 
reacts with bromine at a negligible rate but in the presence of iron(im) bromide 
reaction is comparatively fast. The catalyst acts by aiding the removal of bromide 


ion: 
¢\ ‘ Br—~Br* FeBrg — € et +  FeBr, 
r 


Lewis acids, such as iron(m) bromide in the example above, are customarily 
used as catalysts, as in halogenation (section 11.6) and Friedel-Crafts alkylation 
(section 11.3a). 

(5) The electrophile may add to a position that is already substituted (a 
process known as ipso-reaction). The carbocation so formed can react in one 
of three ways: 

(é) A substitution product can be formed by departure of the substituent as a 
cation or its equivalent, e.g. 


SiMeg H_ SiMe 
HCI Go <6 O + MegSiC! 
OH OH 


CO.H Br. Br 
3 Brg + CO, + 3HBr 


Br 
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(ii) When the substituent is not capable of departing readily in this way (e.g. 
methyl), a nucleophile can react to give a diene as product. This is relatively rare, 
since most electrophilic reactions with aromatic compounds are conducted under 
conditions in which only very weakly nucleophilic species are present, in which 
case the carbocation reverts to the reactants. However, nitration with nitric acid 
in acetic anhydride, where acetic acid is present (p. 376), can give dienes, e.g. 


Me Me NO, Me, NO, 


Me Me Me 
HNO - ACOH (+3 AcOH 
Pee bask i Abaichrny arr ad 
H OAc 
cis and trans 


50% 


together with normal substitution products. 


(iii) Carbocations from phenols can give dienones by loss of the hydroxylic 
proton, e.g. 


Me Me NO, Me NO, 
Me Me ; Me 


+ 
OH OH 


Comparison with the reactions between alkenes and electrophiles. In their reac- 
tions with electrophilic reagents, aromatic compounds resemble alkenes in that 
the first step of the process consists of the addition of the electrophile to sp?- 
hybridized carbon with the formation of a carbocation. There are, however, two 
general differences, important exceptions to which are discussed below. 

First, whereas the carbocation adduct from an alkene and an electrophile 
normally reacts with a nucleophile by addition (p. 252), that from an aromatic 
compound reacts by elimination. The difference arises from the fact that in 
the latter case elimination regenerates the aromatic system and liberates the 
associated stabilization energy. In fact, the addition of one mole of hydrogen to 
benzene is endothermic, whereas the reduction of ethylene is exothermic by about 
140kJ mol~'. Aromatic compounds are characterized in general by their under- 
going substitution, just as alkenes are characterized by their undergoing addition. 

Second, aromatic compounds react less rapidly than alkenes with a given 
electrophile, e.g. whereas benzene is hardly affected by bromine, ethylene reacts 
instantly. This is because the formation of the intermediate carbocation is accom- 
panied, in the addition to benzene, by the loss of the aromatic stabilization 
energy; although this loss is offset to some extent by the delocalization energy in 
the resulting ion (p. 344), it leads to a more endothermic reaction than in the 
case of ethylene. 

Although the causes of the two principal differences between aromatic com- 
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pounds and alkenes are revealed in the above discussion, two qualifications are 
necessary. First, although benzene and its simple derivatives are relatively inert to 
addition, compounds in which two or more benzene rings are fused together are 
often quite susceptible to addition. For example, anthracene reacts with bromine 
to give, initially, 9,10-dibromo-9,10-dihydroanthracene, 


H Br 
CD = CL 
H Br 


We have discussed previously the principles which underlie the relative ease 
of addition across the 9,10-positions of anthracene (p. 38). Second, some sub- 
stituted benzenes react very rapidly with electrophiles, e.g. acetanilide reacts 
rapidly with bromine to give mainly p-bromoacetanilide, and the reaction of 
dimethylaniline with bromine is even faster (its activation energy is close to 
zero). This is because certain substituents are able to stabilize the carbocation 
intermediate, and hence the preceding transition state, thereby lowering the 
activation energy; in the case of the bromination of acetanilide, the stabilization is 
represented by the contribution of the resonance structure, 


+ 
NHCOCH, 


H Br 


which symbolizes the delocalization of the positive charge over nitrogen as well as 
over three of the nuclear carbon atoms. 


The role played by nitrogen in the bromination of acetanilide, described above, 
illustrates one principle of great importance in electrophilic aromatic substitution: 
the rate of reaction is strongly dependent upon the nature of the substituent(s) 
in the aromatic nucleus. Further, the relative ease of substitution at different 
positions in an aromatic compound is also determined by the nature of the 
substituent(s): in the case of acetanilide, the order of reactivity at the nuclear 
carbons is para > ortho >> meta. Both the directive effects and the rate-control- 
ling effects of substituents are of great importance in synthetic applications of 
electrophilic aromatic substitutions. The effects are conveniently discussed under 
four headings: (a) monosubstituted benzenes, (b) di- and polysubstituted ben- 
zenes, (c) bi- and polycyclic hydrocarbons, and (d) heteroaromatic compounds. 


11.2 

Directive and 
rate-controlling 
factors 
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(a) Monosubstituted benzenes 


In the first step of its reaction with an electrophile, the benzene ring provides 
two electrons to form a new covalent bond with the electrophile, yielding a 
carbocation. It is possible to represent this ion as a hybrid of three resonance 
structures (p. 344) but it is not possible to represent adequately the structure of 
the preceding transition state. At the transition state, the electron-pair which 
ultimately forms the new covalent bond has been partly transferred from the 
aromatic ring to the electrophile. The residual aromatic system therefore bears a 
fraction of the unit positive charge which it bears in the intermediate so that a 
useful working representation of the transition state is as follows: 


E 
H HE 
% 4 
O Ee b+ b+ b+ b+ 
_——e _—_— 
5+ 5+ 
transition state intermediate 


Therefore any factor which stabilizes the intermediate in a particular case also 
stabilizes the transition state and in practice it is convenient to employ the 
intermediate as a model for the transition state (cf. Hammond’s postulate, 
p. 61). 

In a reaction on a monosubstituted benzene, the intermediates for ortho, meta, 
and para substitution are, respectively, 


x x 
b+ H 
= E + b+ 
3+ b+ eh 
4 


The effect on the stabilities of these ions of groups, X, of different polar types will 
now be considered. 

If X is an electron-attracting substituent of —/ type (e.g. N(CH3)3), each of the 
three ions is less stable than that formed by benzene. The destabilizing effect is 
greatest when reaction is at the ortho or para position because the substituent is 
then adjacent to a carbon atom which bears a portion of the positive charge, as 
shown by the resonance structures 


+ + 

ees NMeg3 
4 

SaE 
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whereas when reaction is at the meta position it is further removed from a 
positively charged carbon atom. Consequently, while all three positions are less 
reactive than one in benzene, the ortho and para positions are less reactive than 
the meta position. The substituent is said to be deactivating and meta-directing. 
Substituents of —/, —M type (e.g. NO2, COR, CO,R, CN) are also deactivat- 
ing and meta-directing. The —M effect serves to increase the deactivation of the 
ring due to the —/ effect; the extra bonding associated with the —M effect, e.g. 


oO. ii 20 OL 4+ 0° OL4 07 O14 0° 


eis eS 
oa ee! ee 


is lost on passage to the transition state. Nonetheless, the deactivating influence of 
these uncharged substituents is less than that of the positively charged N(CH3)3 
group. 

The ~—-O™ substituent is of +/, +M type. The +/ effect activates all three ring 
positions; the ortho and para positions are more influenced than the meta position 
since the substituent is adjacent to a positively charged carbon atom in the 
transition state, and the +M effect activates the ortho and para positions specifi- 
cally by further delocalization, as represented by the structures, 


O 0 


The substituent is therefore activating and ortho, para-directing. 

Alkyl substituents are also of +/, +M type and therefore activating and ortho, 
para-directing, although the effects are much weaker than with —-O”. The +M 
influence arises from hyperconjugation that can be of C—H or C—-C type 
(p. 34) and represented by structures such as 


and 


Some substituents have opposed inductive (—/) and mesomeric (+M) effects, 
e.g. amino and hydroxyl groups and halogen atoms. Reaction at the para (or 
ortho) position then leads to an intermediate in which the positive charge is 
delocalized onto the substituent, 
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HE HE 


However, this stabilizing influence is offset by the unfavourable inductive effect of 
the substituent which decreases the stability of the first three structures relative to 
the corresponding structures from benzene. The resulting effect depends on the 
relative importance of the —J and +M effects of each group. Addition of the 
reagent at a meta position gives an intermediate which is destabilized relative 
to that from benzene by the —/ effect. Consequently the meta position is deacti- 
vated, and always less reactive than the para (or ortho) position, whether or not 
this is itself deactivated. 

The similarity in the mode of operation of the polar effect on the ortho and 
para positions leads to the expectation that the ratio of the reactivities at these 
positions should be 2:1, there being two ortho positions and one para position. In 
practice, the ratio is normally different from this, for two main reasons. First, 
more subtle electronic effects than those apparent from the above discussion seem 
to be involved and, second, steric hindrance between substituent and reagent can 
lead to ortho: para ratios which are considerably less than 2:1. 

Individual groups of compounds behave as follows. 


(i) Alkylbenzenes. The nitration of toluene by nitric acid in acetic anhydride at 
0°C gives o-, m-, and p-nitrotoluene in the ratios (expressed as percentages) 
61-5:1:5:37. The total reactivity of toluene compared with benzene is 27 and 
combination of this result with the isomer distribution of the nitrotoluenes leads 
to the following data for the relative reactivities of each nuclear position in 
toluene compared with one position in benzene: 0, 50; m, 1-3; p, 60. (This 
measure of the reactivity of a particular nuclear carbon in a given reaction is 
referred to as the partial rate factor.) 

This result illustrates the directive and activating behaviour of a substituent 
CH; of +/ type. Other alkylbenzenes behave similarly in giving predominantly 
the ortho and para derivatives, as illustrated by the following partial rate factors 
for the nitration of four compounds in acetic anhydride and the chlorination of 
two in acetic acid. 


CHg CH2Me CHMe, CMe 
50 1 45 
nitration y bi 
1.3 23 2.4 3.0 
60 70 72 75 
CHg CMeg 
60 
chiorinats 620 
5 6 
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Three points should be noted. First, the ortho: para ratio falls off sharply as the 
size of the alkyl group is increased, as a result of steric hindrance to ortho- 
substitution. This imposes limitations in synthesis, e.g. whereas it is possible to 
obtain o-nitrotoluene in about 60% yield, the yield of o-nitro-t-butylbenzene is 
less than 10%. 

Second, the absolute values of the partial rate factors for reaction on a given 
compound depend on the nature of the reagent. This results from variation in the 
selectivity of the reagent. A reagent of such reactivity that it reacted on every 
collision with an aromatic compound would not discriminate between the three 
nuclear positions of toluene, or between toluene and benzene: the partial rate 
factors would all be unity. As the reactivity of the reagent decreases, there is an 
increasing demand for an electron-pair to be supplied at the relevant nuclear 
carbon in order that the activation energy barrier can be surmounted. The case of 
supply of this pair is determined by the polar character and the position of the 
substituent, so that the greater the demand by the reagent, the greater will be the 
differential effects of substituents. Therefore the biggest differences in selectivity 
between different positions occur with the least reactive electrophiles: in the 
above case, chlorine is less reactive and more selective than the nitrating agent. 

Third, the para position in t-butylbenzene is more reactive than that in toluene 
in nitration but less reactive in chlorination (and many other reactions). It is 
believed that this is because, although the t-butyl group stabilizes the positively 
charged transition state more effectively than methyl, it hinders the stabilizing 
solvation of the positively polarized ring carbon atom adjacent to it more strongly 
than does the smaller methyl group. When solvation is relatively unimportant, as 
in nitration in acetic anhydride, the reactivity order is p-t-Bu > p-Me, but when it 
is more important, as in chlorination in acetic acid, the opposite order results. 

In summary, the greater reactivity of alkylbenzenes compared with benzene 
enables electrophilic substitutions to be carried out in slightly milder conditions 
than are necessary for benzene and the directive properties of the alkyl groups are 
such that para derivatives and, in some cases, ortho derivatives, can be obtained. 


(ii) Benzenes substituted with electron-attracting groups. ‘These include com- 
pounds in which the substituent is a positive pole, such as PhNMe3, and those in 
which it is a neutral unsaturated group of strong dipolar character in which the 
positive end of the dipole is attached to the benzene ring, e.g. 


) 
Ph-N. —~  pr-N’ 


ie) Le) 


Ph-C=N 9 =e Ph—-G=N 


The substituents are strongly deactivating and meta-directing, e.g. nitrobenzene 
undergoes nitration with a mixture of concentrated nitric and sulfuric acids at only 
about a hundred-thousandth the rate of benzene, and m-dinitrobenzene accounts 
for about 93% of the dinitrobenzenes formed. 
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Because of their low nuclear reactivities, these compounds require much more 
vigorous conditions than benzene and in many cases reaction cannot be brought 
about (e.g. nitrobenzene does not undergo Friedel-Crafts reactions, section 
11.3). 


(iii) Benzenes substituted with groups of —I, +M type. These are all ortho, 
para-directing, but the ease of reaction (activation or deactivation) varies over a 
wide range, depending on the substituent, e.g. in the same conditions, the relative 
rates of chlorination at the para positions of NN-dimethylaniline and bromo- 
benzene are about 107°:1. Consequently, as will be described later, the reaction 
conditions for the successful substitution of a particular compound in this group 
vary widely. 


1. Amino and hydroxyl substituents and related groups. For these substitu- 
ents, the conjugative effect (+!) dominates over the inductive effect (—/). That 
is, the contribution made to the transition state by structures of the type 


On 


NH NH OH OH 
zu 2 H 
Ca O cy E O 
= = 
HE HE 


far more than outweighs the deactivating influence due to the inductive effect of 
nitrogen or oxygen when substitution occurs at the ortho or para positions. These 
positions are consequently strongly activated. 

The amino group is more strongly activating than hydroxyl, for it has the larger 
+M and the smaller —/ effect; quaternary cationic nitrogen is more stable 
than ternary cationic oxygen. However, the —-O™ substituent is more strongly 
activating than both —-NH, and —-OH because, first, its +M effect is greater 
and, second, it possesses a +/ effect. Electrophilic reactions are normally con- 
ducted in acidic media in which phenoxide ions are present in negligible concen- 
tration compared with phenols, but for reaction of a phenol with the electrophilic 
aromatic diazonium ions it is necessary to use basic conditions in order to make 
use of the strong activating influence of -O™ (p. 421). 

N-Alkyl-derivatives of aniline and O-alkyl-derivatives of phenol are of reac- 
tivity comparable with aniline and phenol themselves but the acyl-derivatives are 
much less reactive. This is because the unshared electron-pair on nitrogen or 
oxygen is already delocalized within the substituent, 


H H. = 
prNypRo pa“ 
Fe) o 
OL UR d. UR 
pry R me pas 
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and is not so readily available for x-orbital overlap in the electron-deficient 
transition state. 

The smaller activating effect of acetamido compared with amino is usefully 
applied in synthesis, e.g. whereas aniline is so reactive towards bromine that it 
gives 2,4,6-tribromoaniline essentially instantaneously, acetanilide reacts more 
slowly and the monobromo-derivatives (principally the para, together with some 
of the ortho compound) may be isolated. Further, since aromatic amines are very 
susceptible to oxidation, it is normally necessary to carry out substitutions on their 
acy! derivatives and then remove the acyl group by hydrolysis. 


2. Halogen substituents. Fluorine has a weaker +M and a stronger —/ effect 
than oxygen, and for para substitution the effects approximately nullify each other 
so that reaction occurs about as readily as at one carbon in benzene. Both the +M 
and the —/ effects of the halogens fall in the order, F > Cl > Br > I (p. 33), and 
the resultant effect leads to the order, F ~ H > Cl ~ Br ~ I. In many 
substitutions, chloro-, bromo-, and iodobenzene are about one-tenth as reactive 
at their para positions as benzene is at any one position. The ortho positions of all 
four halobenzenes are less reactive than the para positions and the meta positions 
are strongly deactivated. 

In summary, substitutions of the halobenzenes require conditions comparable 
in vigour with those for benzene and yield mainly the para-derivatives. 


3. Biphenyls and styrenes. Biphenyl is activated in the ortho and para pos- 
itions and weakly deactivated in the meta position. The latter result follows from 
the weak —/ effect of sp*-hybridized carbon (p. 48) and the former from the 
ability of the phenyl substituent to delocalize the positive charge on the transition 
states for ortho and para substitution, c.g. that for para substitution is represented 


as the hybrid, 
O-Os - 
E E 
~ OO# - O04 


Consequently, the compound is ortho, para-directing and of reactivity comparable 
with toluene. 

The introduction of an electron-attracting substituent into biphenyl reduces the 
ease of reaction and causes substitution to occur at the ortho and para positions of 
the unsubstituted ring. Conversely, an electron-releasing substituent increases the 
reactivity and causes reaction to occur in the substituted ring. 

Styrene and its derivatives behave similarly. For example, cinnamic acid is 
nitrated predominantly in the ortho and para positions and reacts at about one- 
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tenth the rate of benzene. In effect, the —CH==-CH—COH group is similar to 
a halogen atom: the inductive effect of the group (—/) reduces the ease of 
reaction, but the deactivation at the ortho and para positions is somewhat offset 
by the extra delocalization of the positive charge on to the aliphatic side-chain: 


E 
+ 
\~coH 


That is, the pair of n-electrons in the alkene bond of cinnamic acid behaves 
analogously to a pair of p-electrons on a halogen substituent. 


(iv) Summary. Table 11.1 summarizes the directive and rate-controlling effects 
of the more common substituents in electrophilic aromatic substitution. 


Table 11.1 Directive and rate-controlling effects of substituents in electrophilic aromatic substitution 


Substituent Polar character Directive effect Rate-controlling effect 
o- +1,+M 0,p Very powerfully activating 
on or R, NR: } -1,+M 0,p Powerfully activating 
NHCOR, OCOR ~-1,+M 0,?p Activating 

Ph ~1,+M 0, Pp Moderately activating 
CH; and other alky! +] 0,p Moderately activating 
groups 

(H) = 

F -I,+M 0,p Comparable with benzene 
Cl, Br, I = sa he 
CH==CH—CO.H (etc.) } I,+M 0,p Weakly deactivating 
CO,R, CO2H, CHO, COR, CN, = we ee 

NO,, SO,0H } 1,-M m Strongly deactivating 
NH,*, NR;* -I m Strongly deactivating 


(b) Di- and polysubstituted benzenes 


To a first approximation, two or more substituents affect the ease of reaction at a 
particular position in benzene independently of each other.* For example, the 


*A linear free-energy relationship holds approximately. That is, if the introduction of each of two 
substituents separately alters the free energy of activation for reaction at a particular position by 
amounts x and y, the presence of both substituents alters the free energy of activation by (x + y). 
Since logk « AG*, the partial rate factor for substitution at a particular position in the disubstituted 
compound is equal to the product of the partial rate factors for the appropriate positions of the two 
monosubstituted compounds. 
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introduction of successive methyl groups into benzene increases the reactivity and 
pentamethylbenzene is the most reactive compound in the series. 

Use can be made of this principle in synthesis. For instance, the acetamido 
group activates ortho positions and slightly deactivates meta positions, whereas 
the methyl group activates ortho less strongly than acetamido but also slightly 
activates meta positions. Consequently, in p-acetamidotoluene, 


H 


a 
N 
Jone 
Me 


position a, which is ortho to acetamido and meta to methyl, is more reactive than 
position b, which is meta to acetamido and ortho to methyl. Substitution therefore 
occurs predominantly at a, and meta-substituted toluenes, which are obtained in 
only very low yield by the direct substitution of toluene, may in this way be 
obtained by removal of the acetamido group (e.g. p. 414). 


(c) Bi- and polycyclic hydrocarbons 


The delocalization of the positive charge in the transition states of electrophilic 
substitutions is increased by the fusion of two or more benzene rings and the 
polycyclic hydrocarbons are therefore all more reactive than benzene. Directive 
effects are also introduced. 

Substitution in naphthalene is illustrative. The transition states for reaction at 
the t- and 2-positions may be represented as follows: 


HE HE 


OO OO 
+ 
1-substitution: 
HE H E H E 
= {eons 
+ 


2-substitution: 


H + H 
a + 
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In each of the two transition states, the positive charge is more extensively 
delocalized than in reaction on benzene, leading to lower activation energies. 
Further, the three starred structures are of benzenoid type and therefore of lower 
energy content than the remainder in which the benzenoid nature of the second 
ring has been interrupted. Since there are two such low-energy contributors for 1- 
substitution as compared with one for 2-substitution, it is understandable that the 
1-position should be the more reactive. In a typical reaction, nitration, the partial 
rate factors for 1- and 2-substitution are 470 and 50, respectively. 

There are, however, two conditions in which substitution at the 2-position 
predominates. One applies when the reaction is thermodynamically controlled, as 
in sulfonation at high temperatures (p. 383), because the 1-derivative, in which 
there is steric repulsion between the substituent and the peri-hydrogen atom 
shown, 


is thermodynamically the less stable. The other applies when the reaction is 
kinetically controlled but the reagent is particularly bulky, as in Friedel-Crafts 
acetylation in nitrobenzene (p. 368), for reaction at the 1-position is then mark- 
edly hindered sterically by the peri-hydrogen. 

The presence of an electron-attracting group in naphthalene reduces the reac- 
tivity and causes substitution to occur in the unsubstituted ring, mainly at the 5- 
and 8-positions (i.e. the two 1-positions of that ring). An electron-releasing group 
activates the molecule further and reaction occurs in the substituted ring. If the 
group is in the 1-position, substitution occurs at the 2- and 4-positions (i.e. ortho 
and para to the electron-releasing group), but a 2-substituent directs almost 
entirely to the 1-position, although the 3-position is also an ortho position. 
The reason is that the stabilization of the transition state which is provided by 
the substituent is more effective when the appropriate resonance structure is 
benzenoid (1-substitution) than when it is not (3-substitution), e.g. 


oy oo" 


The reactivities of polycyclic hydrocarbons follow from the principles described 
for naphthalene. Examples, including data for partial rate factors in nitration at 
the most reactive position, are tabulated. 
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500 
anthracene phenanthrene 
3,500 17,000 
chrysene pyrene 
77,000 


(d) Heteroaromatic compounds 


(i) Five-membered rings. The principles which govern the electrophilic substi- 
tutions of this group of heteroaromatic compounds will be illustrated by reference 


to pyrrole. 
Pyrrole is highly reactive at both the 2- and 3-positions. The reason is that the 


transition state for substitution at each position is strongly stabilized by the 
accommodation of the positive charge by nitrogen, 


+ 
© de Os eae 
Y i . oH —_ wee H ~~ s+ wH 
2-substitution: N E + N E N E 
H H H 


Be 


F 


H 
sa E 
3-substitution: rd + —S / 
N 
H 


tat 
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in just the way that aniline owes its reactivity to the exocyclic nitrogen (p. 352). 
2-Substitution predominates because the positive charge in the transition state is 
delocalized over a total of three atoms, compared with two for 3-substitution. 

The similarity of pyrrole and aniline is particularly apparent in their reactions 
with bromine: each reacts at all its activated carbon atoms, pyrrole giving tetra- 
bromopyrrole and aniline giving 2,4,6-tribromoaniline. In fact, pyrrole is even 
more strongly activated than aniline and should perhaps be compared with the 
phenoxide ion: each undergoes the Reimer—Tiemann reaction, unlike other ben- 
zenoid compounds (p. 374). In addition, pyrrole undergoes Friedel-Crafts 
acylation in the absence of a catalyst (p. 365) and the Hoesch reaction, charac- 
teristic of polyhydric phenols (p. 372). 

One difficulty in dealing with pyrrole is that it is readily converted by acid into 
the trimer, 


/ \ / \ 
N N 


N 

H H H 
Accordingly, special conditions need to be used to carry out reactions normally 
involving acids (e.g. sulfonation, p. 382). Pyrroles substituted with electron- 
attracting groups are less prone to polymerization and can be more conveniently 
handled. 

Furan and thiophen are also activated towards electrophiles and react pre- 
dominantly at the 2-position. The underlying theory is similar to that for pyrrole, 
namely, that the heteroatom is able to delocalize the positive charge on the 
transition state. Since oxygen accommodates a positive charge less readily than 
nitrogen, furan is less reactive than pyrrole, just as phenol is less reactive than 
aniline. The +M effect of sulfur is smaller than that of oxygen because the 
overlap of the differently sized p orbitals of carbon and sulfur is less than in the 
case of carbon and oxygen so that, understandably, thiophen is less reactive than 
furan. 

A revealing trend of reactivities is shown by the behaviour of these three 
heterocyclic compounds towards maleic anhydride. Pyrrole is sufficiently reactive 
towards electrophiles to take part, as a nucleophile, in a Michael addition 
(p. 240): 


Furan is less reactive towards electrophiles than pyrrole and instead undergoes 
the Diels—Alder reaction (p. 272), differing in this respect from benzene because 
less aromatic stabilization energy is lost on 1,4 addition. Thiophen, which is less 
reactive both to electrophiles and as a conjugated diene, does not react. 

The 2:3-benzo-derivatives of pyrrole, furan, and thiophen are activated and 
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react in the hetero-ring. Substitution occurs mainly at the 3-position as a result 
of the fact that the stabilizing influence of the heteroatom on the transition 
state is more effective when the appropriate resonance structure is benzenoid (3- 
substitution) than when the benzenoid system is disrupted (2-substitution), as 
illustrated for indole: 


H E 

iv =i SE 

H H 
3-substitution 2-substitution 


(ii) Six-membered rings. The principles governing the reactivity of these com- 
pounds are illustrated by reference to pyridine. The transition states for sub- 
stitution at the 3- and 4-positions can be represented as the hybrids, 


H + 4H H 
OWN sa E sa EE Osa E 
3-substitution: aoe | 3 ee ARS 
Shy + N N 


HE HE We 
+ + — 
4-substitution: | or ae [scl 
SN N N 


In each, the positive charge is less well accommodated than in reactions on 
benzene because nitrogen is more electronegative than carbon. Hence both the 3- 
and 4-positions are deactivated, the latter the more strongly because of the high 
energy of the contributing structure which contains divalent positive nitrogen.* 
The 2-position resembles the 4-position, as reference to the appropriate resonance 
structures will show. 

Many electrophilic substitutions are conducted in acidic media in which pyri- 
dine is present almost entirely as its conjugate acid and this is even less reactive 
than pyridine itself. Very vigorous conditions are required to bring about reac- 
tion, e.g. nitration requires 100% sulfuric acid with sodium and potassium nitrates 
at 300°C, and even then the yield of 3-nitropyridine is only a few percent. 

Quinoline and isoquinoline are also deactivated, though less so than pyridine, 
and reaction normally occurs in the homocyclic ring at the 5- and 8-positions 
(cf. the behaviour of naphthalene containing an electron-attracting substituent, 
p. 356). There are, however, many exceptions. 


*Careful distinction should be made between the ability of (@) divalent nitrogen and (6) quaternary 
nitrogen, to accommodate a positive charge. The latter system, in which nitrogen possesses an octet, is 
relatively stable and this stability is responsible for the activating effect of nitrogen in aniline and 
pyrrole. 
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11.3 

Formation of 
carbon—carbon 
bonds 


quinoline isoquinoline 


Pyridazine, pyrimidine, and pyrazine (p. 682), containing two heterocyclic 
nitrogen atoms, are more strongly deactivated than pyridine and electrophilic 
substitutions are unsuccessful. Derivatives are obtained either via nucleophilic 
substitution (section 12.2) or by synthesizing a compound which contains a power- 
fully activating substituent such as hydroxyl or amino and with which electrophiles 
react (e.g. p. 719). 


A carbon atom which is bonded to an electronegative atom or group, X, is 
positively polarized and therefore electrophilic, although not normally sufficiently 
so for it to react with aromatic compounds other than those of exceptionally high 
reactivity. However, its electrophilicity may be enhanced by the addition of a 
species which can accept electrons from X and reaction then occurs with less 
reactive aromatic compounds. 

This principle may be applied to the formation of bonds between aromatic 
and aliphatic carbon atoms in a variety of ways, some of which are of wider 
applicability than others. The most commonly used processes are Friedel-Crafts 
alkylation and acylation. 


(a) Friedel-Crafts alkylation 


Aliphatic compounds which take part in alkylations are halides, alcohols, esters, 
ethers, alkenes, aldehydes, and ketones. Reactions of the first four classes of 
compound are normally catalyzed by Lewis acids and those of the last three (the 
unsaturated compounds) by proton acids. 

Halides are the reagents of most frequent choice in alkylation and aluminium 
trichloride is usually employed as the catalyst. With primary and secondary 
halides, it is believed that an ion-pair is formed with the Lewis acid, the carbo- 
cation part of which then effects substitution,* e.g. 


* The reaction cannot be an Sx2 substitution on the halide, 


R 
‘o> CH,~CIY AIC, 


since carbocation rearrangements occur (p. 430) and an asymmetric halide gives racemic product; nor 
is it an S,1 reaction, since methy! chloride, bromide, and iodide show different regioselectivities with 
substituted benzenes which would not be the case for a free methyl cation. 


ELECTROPHILIC AROMATIC SUBSTITUTION 


RCH,Cl + AICh == [RcH,* AICI,” | 
ion-pair 


R 
> a (el a AlCl 
2 


Free carbocations are thought to be involved with tertiary halides. For exam- 
ple, benzene, t-butyl chloride, and iron(im) chloride give t-butylbenzene in 80% 
yield via the t-butyl cation: 


Me,C Loy FeCl ——- Me3C a + FeCl, 


H CMe, CMe, 


Mesct + O —- Rc: Ee CO) + HCl + FeCl 


Benzyl halides are very reactive as alkylating agents, just as they are in other 
nucleophilic displacements, but alkenyl and aryl halides are inert. The use of di- 
and polyhalides leads to successive alkylations: benzene reacts with dichlorome- 
thane in the presence of aluminium trichloride to give diphenylmethane, 


(AICl3) PhH (AICI) 
PhH + CHCl = -7o Se —PRCHACL = ig PhCH2Ph 
with 1,2-dichloroethane to give bibenzyl, 
AICIs) Ph 
2 CO s+ ant Se iad 


and with carbon tetrachloride to give triphenylmethyl chloride (steric hindrance 
evidently preventing the displacement of the fourth chlorine), 


°C + CC, SE PhyCcl 


Alcohols, esters, and ethers react analogously to halides. 
Alkenes react via the carbocations which they form with proton acids: 


+ 


AS sO — R7™ 


For example, the addition of cyclohexene to benzene in concentrated sulfuric acid 
at 5-10°C gives cyclohexylbenzene in about 65% yield [2]: 
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GeO =O 


Styrene (required for the production of polystyrene, styrene-butadiene copoly- 
mer rubbers, etc.) is made industrially by the ethylation of benzene on an 
aluminium trichloride catalyst followed by dehydrogenation (p. 606): 


Zn0 of} 
C + HpC=CH, Be PhS pag PATS 


The Bogert-Cook synthesis of phenanthrene and its derivatives makes use of 
intramolecular alkylation by an alkene, e.g. 


MgBr - 
fe) ° Ss 
—_ HeSO4 
2 %s-| CO 
Ht 3s ae SL al 


Aldehydes and ketones can also act as alkylating agents in the presence of 
proton acids but this process does not compete favourably with acid-catalyzed 
self-condensation of the carbonyl compound (p. 256) except when alkylation 
is intramolecular and stereochemically favoured. For example, 4-methyl-2- 
quinolone can be obtained by acid-treatment of the amido-ketone formed from 
aniline and acetoacetic ester (p. 705): 


Me 
(e) 


Me. (O 
-EtOH u* 
@) OEt oe ad 
NH> n“So 


+ 
Me. gH Me. OH Me 
CYL) = OO OF 
a 
Nv "Oo nN“ ‘Oo N7*O 
H H H 


The Skraup synthesis of quinoline also involves acid-catalyzed intramolecular 
alkylation (p. 704). 


ELECTROPHILIC AROMATIC SUBSTITUTION 


dp + 


(i) Reactivity of the aromatic compound. Aromatic compounds whose nuclear 
reactivity is comparable with or greater than that of benzene can be successfully 
alkylated but strongly deactivated compounds do not react. For example, chloro- 
benzene reacts but nitrobenzene is inert. Phenols do not react satisfactorily 
because they react with the Lewis acids at oxygen (ArOH + AICI; > ArOAICI, 
+ HCl) and the resulting compound is usually only sparingly soluble in the 
reaction medium so that it reacts slowly. Conversion of the phenol into its methyl 
ether leads to successful alkylations providing that a low temperature is used to 
minimize acid-catalyzed cleavage of the ether group. Aromatic amines complex 
strongly with Lewis acids and are not suitable for alkylations. 

The Lewis acids used as catalysts differ in activity, the order for the commoner 
compounds in alkylations with halides being: AICI, > SbCl; > FeCl; > SnCl, > 
ZnCl. 

The catalyst is chosen with reference to the reactivities of the aromatic com- 
pound and the alkylating agent; in general, tertiary halides require milder cata- 
lysts than primary halides. It is advisable to employ the least active Lewis acid 
consistent with the occurrence of alkylation at a practicable rate, for the more 
active catalysts tend to induce the isomerizations described below. 

Alkylations with alcohols and ethers may be catalyzed by either a Lewis acid or 
a proton acid. Among Lewis acids, boron trifluoride is the reagent of choice 
because of its strong tendency to complex with oxygen. The proton acids used are 
hydrogen fluoride, concentrated sulfuric acid, and phosphoric acid; sulfuric acid is 
often unsuitable because of its capacity for forming sulfonated byproducts. 

The reactions of alkenes, aldehydes, and ketones are normally proton- 
catalyzed. 


(ii) Problems attendant upon alkylation. Three problems are encountered in 
alkylation, each of which considerably reduces the general scope of the process. 


(1) Since alkyl groups are activating in electrophilic substitutions, the product 
of alkylation is more reactive than the starting material and further alkylation 
inevitably occurs. For example, the methylation of benzene with methyl chloride 
in the presence of aluminium chloride gives a mixture containing toluene, the 
xylenes, the tri- and tetra-methylbenzenes, pentamethylbenzene, and hexamethyl- 
benzene. Careful control of the molar ratio of the reactants and the reaction 
conditions can yield a particular polyalkylbenzene as the predominant product: 
for example, a mixture of the tetramethylbenzenes may be obtained by fraction- 
ation and durene (1,2,4,5-tetramethylbenzene) may then be isolated by freezing. 
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In general, in order to obtain a monoalkylated product minimally contaminated 
by polyalkylated products, an excess of the aromatic compound should be used. 

(2) Many alkyl groups rearrange during alkylation, e.g. benzene and propyl 
halides give mixtures of propylbenzene and isopropylbenzene. The extent to 
which isomerization competes with direct alkylation depends on the structure of 
the alkyl halide, the nature of the catalyst, and the reactivity of the aromatic 
compound. 

First, isomerization is especially common with primary halides, as in the for- 
mation of isopropylbenzene from a propyl halide, and is fairly common with 
secondary halides. These rearrangements are understandable in that primary 
carbocations are less stable than secondary, and secondary less stable than ter- 
tiary. However, in some instances tertiary halides rearrange during alkylation, 
e.g. 


H CH H CH, H CH H Chg 
Hc — as — Y ae ais a 
cH{ CIV AICh cHf CH, cHf CH, 4 cHf CH, 
A probable explanation is that, although the tertiary ion is the more stable of the 
two, it is also the less reactive, so that the faster reaction of the secondary ion 
dominates, even though this ion is present in smaller concentration. t-Butyl 
halides do not undergo rearrangement during alkylation, probably because this 
would involve formation of the highly energetic primary carbocation. 

Second, the extent of isomerization is reduced by using a less powerful Lewis 
acid catalyst. For example, the rearrangement above does not occur when iron(m) 
chloride is the catalyst; PhCMe,CH,CHs; is then the product.* 

Third, isomerization becomes less significant as the reactivity of the aromatic 
compound is increased. 

(3) Alkylation is reversible, so that reaction is thermodynamically controlled. 
For example, a monosubstituted benzene usually gives mainly the meta-alkyl- 
derivative, since this is thermodynamically the most stable. This principle may 
be usefully applied, e.g. benzene and excess of ethyl bromide react in the pre- 
sence of aluminium trichloride to give 1,3,5-triethylbenzene in 87% yield, further 
substitution probably being sterically impeded. 


Et 


AIBr. 
Os sme OD 
Et Et 


Just as tertiary alkyl groups are the most readily introduced during alkylation, 
so they are the most readily removed by the reverse reaction, departing as the 
relatively stable tertiary carbocations: 


*This is probably because the weaker catalyst, while polarizing the C-halogen bond sufficiently for 
alkylation to occur, does not completely break the bond to form the alkyl cation through which 
isomerization occurs. 
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CMe, H CMe, H 
HCI- AIC! 
QO a = O} + Me3CCl 
AICI, 


This enables the t-butyl group to be used to protect the most reactive position 
in a compound in order to effect reaction elsewhere; the t-butyl group is sub- 
sequently removed by the addition of an excess of benzene which draws the 
equilibrium in the desired direction. For example, the Friedel-Crafts acylation of 
toluene gives largely the para acyl-derivative (p. 368). The following scheme 
enables the ortho isomer to be obtained: 


Me Me Me 


O COR 
Me3CCI - AIC RCOCI - AICI 
CMe, CMe, 
COR 
elses 
HCI- AIClg 


The less easily accessible 1,2,3-trialkylbenzenes may also be prepared by appli- 
cation of this principle. t-Butylation of a m-dialkylbenzene gives the 5-t-butyl 
derivative (thermodynamic control), the desired alkyl group is then introduced 
(reaction occurring at the 2- rather than the 4-position because of the hindrance 
due to the t-butyl group), and the t-butyl group is removed by reaction with more 
of the starting m-dialkylbenzene. 


R' 
R R R R R R 
MegCCI RCI 
Cr AIC Si AlCl 
CMe, CMe, 
' 
: R 


(b) Friedel-Crafts acylation 


The acylation of aromatic rings may be brought about by an acid chloride or 
anhydride in the presence of a Lewis acid or, in some circumstances (p. 369), by 
a carboxylic acid in the presence of a proton acid. 


36 


5 


366 


PRINCIPLES OF ORGANIC SYNTHESIS 


In the Lewis acid-catalyzed methods, two electrophiles are involved. One is an 
oxygen-bonded complex, e.g. 


The other is an acylium ion which is formed from the complex in low concen- 
tration but is more reactive as an electrophile, 


R__Cl “AICI 
TY ee R-C=0 - R—==0 
ot - 

AICI, 


Which of the two is the more effective in a particular case depends on the 
nature of R (for example, formation of the acylium ion is favoured when R is 
aromatic, since its positive charge can be delocalized on to the aromatic ring) 
and the aromatic compound (the acylium ion is relatively the more important 
electrophile with less reactive compounds). 

In a typical procedure, acetic anhydride is added to a refluxing solution of 
bromobenzene in carbon disulfide containing suspended aluminium trichloride. 
After removal of the solvent and decomposition of the resulting complex with 
hydrochloric acid, p-bromoacetophenone is obtained in about 75% yield [1]. 

The aromatic compounds which may be acylated are in general the same as 
those which may be alkylated. Benzene and compounds of comparable or greater 
reactivity undergo the reaction but deactivated molecules such as benzaldehyde, 
benzonitrile, and nitrobenzene are inert: nitrobenzene is a common solvent for 
acylation. The difficulty encountered in the alkylation of phenols (p. 363) applies 
also in acylation and may be surmounted by acylating the methyl ether at a low 
temperature. An alternative in some instances is to employ concentrated sulfuric 
acid as the catalyst, as in the preparation of phenolphthalein from phenol and 
phthalic anhydride: 


ELECTROPHILIC AROMATIC SUBSTITUTION 


oO 


O + 2PhOH  HeSOq_ 
-+H20 


ie) 


phenoiphthalein 


The order of activity of Lewis acids in the benzoylation of toluene and chloro- 
benzene is: SbCl; > FeCl, > AICI, > SnCl,. As with alkylation, it is often wise 
to employ the weakest reagent consistent with successful reaction ia order to 
minimize side-reactions, e.g. thiophen is polymerized during acetylation by acetyl 
chloride in the presence of aluminium trichloride but gives 2-acetylthiophen in 
about 80% yield when tin(1v) chloride is used [2]. 


C\ +  CH,COCI Sa E\ 


s HCI S° ~COCH, 


There are a number of important differences between acylation and alkylation. 


(1) Whereas alkylation does not require stoichiometric quantities of the Lewis 
acid since this is regenerated in the last stage of the reaction, acylation requires 
greater than equivalent quantities because the ketone which is formed complexes 
with the Lewis acid. 

(2) Since acyl groups deactivate aromatic nuclei towards electrophilic sub- 
stitution, the products of acylation are less reactive than the starting materials and 
the mono-acylated product is easy to isolate. This makes acylation a more useful 
procedure than alkylation, and alkyl-derivatives are often more satisfactorily 
obtained by acylation followed by reduction of carbonyl to methylene than by 
direct alkylation. 

(3) A further advantage of acylation over alkylation is that the isomerizations 
and disproportionations which are characteristic of the latter process do not 
occur in the former. There is, however, one limitation: attempted acylation with 
derivatives of tertiary acids may lead to alkylation. For example, trimethylacetyl 
chloride reacts with benzene in the presence of aluminium trichloride to give 
mainly t-butylbenzene, liberating carbon monoxide: 


+ 4 
Me,c-coc! -ACb. Mec-co “2. Me,ct Ph-CMe, 


The driving force for the decarbonylation no doubt resides in the relative stability 
of tertiary carbocations. However, more reactive aromatic compounds can react 
before decarbonylation occurs, e.g. anisole in the same conditions gives mainly p- 
CH;0—C,H,-—COCMes. 

(4) The complex of the acylating agent and Lewis acid is evidently very bulky, 
for ortho, para-directing monosubstituted benzenes give very little of the ortho 
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product. For example, toluene, which gives nearly 60% of the ortho-derivative on 
nitration, gives hardly any o-methylacetophenone on acetylation; the para-isomer 
may be obtained in over 85% yield. When nitrobenzene is used as the solvent, 
steric hindrance to ortho substitution is even more marked, possibly because a 
solvent molecule takes part in the acylating complex, e.g. whereas the acetylation 
of naphthalene in carbon disulfide solution gives mainly the expected 1-acetylna- 
phthalene, reaction in nitrobenzene gives predominantly 2-acetylnaphthalene, 
providing a convenient route to 2-naphthoic acid by oxidation with hypochlorite 


(p. 619): 


+ cron a 
COH 
a 


2-naphuhoic acid 


() Cyclizations. Intramolecular Friedel-Crafts acylations are of particular 
value in building up cyclic systems; dibasic acid anhydrides are much used in these 
reactions. 

For example, benzene and succinic anhydride in the presence of aluminium 
trichloride give B-benzoylpropionic acid in 80% yield [2] and reduction of car- 
bonyl to methylene, conversion of the acid group to the acid chloride, and 
cyclization with aluminium trichloride give a-tetralone: 


Oo 0) 
0-5-4 0 
d HOC 
reduction CT) 1) SOC 
2) AIC 
ie) 
a-tetraione 


1-Alkylnaphthalenes may then be obtained by a Grignard reaction followed by 
dehydration and dehydrogenation: 


1) RMgBr Se ae 
2) HO 
re) R OH R 


ELECTROPHILIC AROMATIC SUBSTITUTION 


Many variants of this method are possible. By starting with naphthalene, 
phenanthrene and some of its derivatives may be obtained. By using phthalic 
anhydride, two new aromatic rings may be built on, as in the synthesis of 1:2- 
benzanthracene: 


BY =. cay 


ce) 


The cyclization step may be carried out either by treating the acid chloride with 
aluminium trichloride as above or, more conveniently, by treating the acid itself 
with liquid hydrogen fluoride, concentrated sulfuric acid, or polyphosphoric acid. 
Sulfuric acid is the least satisfactory reagent since it can lead to sulfonated 
byproducts. 


(c) Chloromethylation 


The chloromethyl group, —-CH,Cl, can be introduced into aromatic compounds 
by treatment with formaldehyde and hydrogen chloride in the presence of an acid. 
For example, benzyl chloride may be obtained in about 80% yield by passing 
hydrogen chloride into a suspension of paraformaldehyde and zinc chloride in 
benzene; the acid first liberates formaldehyde from paraformaldehyde and then 
takes part in the reaction. 


PhH + CHO + HCI {20Ck) PhCH.CL + HO 
Fluoromethylation, bromomethylation, and iodomethylation may be carried 
out with the appropriate halogen acid. 
Studies of the mechanism indicate that the electrophilic entity is the hydrox- 


ymethyl cation. This reacts to give an alcoholic product that, in the presence of 
hydrogen chloride, is converted into the chloromethyl product: 


+ + + 
CH,=0 +H — CH2,=OH Ee oat CH2-OH 


PhH HCI 
—F PhCH20H "He CHe 
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Chloromethylation, unlike Friedel-Crafts reactions, is successful even with 
quite strongly deactivated nuclei such as that of nitrobenzene, although m- 
dinitrobenzene and pyridine are inert. 

Two complications can occur in chloromethylation. First, the chloromethyl 
product can alkylate another molecule of the aromatic compound in the presence 
of the acid catalyst, e.g. 


CH20 - HCI Phi 
ea PhCH,CI PhCH,Ph 


PhH 
ZnCly 


This secondary reaction is of particular significance when the aromatic compound 
is strongly activated and for this reason chloromethylation is not a suitable 
procedure for phenols and anilines. 

Second, the chloromethyl group is activating, although less so than methyl 
because the chlorine substituent in the methyl group reduces the +/ effect of 
that group. It is usually difficult to avoid the occurrence of some further chloro- 
methylation, although this is not nearly so important a problem as it is in 
Friedel—Crafts alkylation. 

The reaction conditions may be varied widely. Anhydrous hydrogen chloride 
may be replaced by the concentrated aqueous acid; formaldehyde may be intro- 
duced as paraformaldehyde or methylal (CH,(OCH3)); and zinc chloride may 
be replaced by sulfuric acid or phosphoric acid or omitted altogether in the 
chloromethylation of very reactive aromatic compounds such as thiophen. In a 
typical example, a mixture of naphthalene, paraformaldehyde, glacial acetic acid, 
85% phosphoric acid, and concentrated hydrochloric acid, heated at 80°C for 6 
hours, gives a 75% yield of 1-chloromethylnaphthalene. 

The principal value of chloromethylation lies in the ease of displacement of the 
benzylic chloride by nucleophiles. Conversion into the corresponding alcohols, 
ArCH,OH, ethers, ArCH,OR, nitriles, ArCH,CN, and amines, ArCH,NR2, 
may be accomplished efficiently, and treatment with enolates, such as that from 
malonic ester, leads to extension of the aliphatic carbon chain, e.g. 


ea CHACOEN i CO,Et Disiowes me A~_COH 
£10 2) - CO5 
CO,Et 


(a) Gattermann-Koch formylation 


The formyl group, —-CHO, may be introduced into aromatic compounds by 
treatment with carbon monoxide and hydrogen chloride in the presence of a 
Lewis acid: 


ArH 6+ = =©CO Rls lew AICHO. 


The reaction is carried out either under pressure or in the presence of copper(t) 
chloride. 
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It was thought at one time that the reaction occurs through the formation of 
formyl chloride, HCOCI, from carbon monoxide and hydrogen chloride, followed 
by a Friedel-Crafts acylation catalyzed by the Lewis acid, but formyl chloride has 
never been obtained and it is now, considered probable that the electrophilic 
species is the formyl cation, [HC==O0 HC=O], formed without the mediation 
of formyl chloride: 


HCL + CO + ACh —-—= HCOt + AICIy 
+ 
AH + HCO* 1. = ArcHO 
The role of copper(1) chloride may be to aid the reaction between carbon 
monoxide and hydrogen chloride via the complex which it forms with carbon 
monoxide. 

Formylation is unsuccessful with aromatic compounds of lower nuclear reac- 
tivity than the halobenzenes so nitrobenzene may be used as solvent. It is also 
unsuccessful with amines, phenols, and phenol ethers because of the formation of 
complexes with the Lewis acid. One drawback in the application of the reaction to 
polyalkylated benzenes is that rearrangements and disproportionations occur: e.g. 
p-xylene gives 2,4-dimethylbenzaldehyde. 


Me CHO 


Me Me 


In a typical procedure, carbon monoxide and hydrogen chloride are passed into 
toluene which contains suspended aluminium trichloride and copper(t) chloride. 
p-Tolualdehyde is formed as a complex with the Lewis acid and is isolated in 50% 
yield by treatment with ice and distillation in steam [2]. 


(e) Gattermann formylation 


This is an alternative to the Gattermann-Koch reaction, employing hydrogen 
cyanide instead of carbon monoxide. The initial product is an immonium chloride 
which is converted into the aldehyde with mineral acid: 


ey . + 
AH + HCN + Ho] = tewsacd  arcH=nnt ci” | EO ArCHO + NH,CI 


The ionic intermediate, [HC==NH o HC==NH], analogous to the formyl 
cation, is thought to be the electrophilic entity. The reaction is unsuccessful 
with deactivated compounds such as nitrobenzene, and compounds of moderate 
reactivity, such as benzene and the halobenzenes, give only low yields. Yields 
from more reactive compounds are considerably higher, e.g. anthracene gives the 
9-aldehyde in 60% yield. 
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Unlike the Gattermann-Koch reaction, Gattermann formylation is successful 
with phenols and phenol ethers, e.g. p-anisaldehyde is formed from anisole 
almost quantitatively in the presence of aluminium trichloride. More reactive 
nuclei still can be formylated in the presence of the weaker Lewis acid zinc 
chloride and furan reacts even in the absence of a catalyst to give the 2-aldehyde. 

To avoid the use of hydrogen cyanide, it is convenient to use zinc cyanide from 
which hydrogen cyanide is generated in situ by reaction with hydrogen chloride. 
For example, mesitaldehyde is obtained in over 75% yield by passing hydrogen 
chloride into a solution of mesitylene in tetrachloroethane in the presence of zinc 
cyanide, adding aluminium trichloride, and decomposing the resulting immonium 
hydrochloride with hydrochloric acid [2]: 


+ - 
2NH2 Cl 
Me Me Me Me 
ie) + W2ZN(CNe + anor Me 
Me Me 
CHO 
Me Me 
HCI -H20 +  NH,CI 
Me 


(f) Hoesch acylation 


This reaction is an adaptation of Gattermann formylation: the use of an aliphatic 
nitrile in place of hydrogen cyanide leads to an acyl-derivative of the aromatic 
compound. 


i Ar. R + Ar. R 
ArH + RCN + Ho} —eWSacd ON 0 YT + NHAC 
NHI CI" fe) 


The reaction occurs only with the most highly activated aromatic compounds 
such as di- and polyhydric phenols. Monohydric phenols react mainly at oxygen to 
give imido-esters, 

Ar(OH + RCN + Hol  — Lenisacid sie cil E 

NH3 Ci 
but the combination of two or three hydroxyl groups meta to each other so 
increases the reactivity of the nuclear positions ortho or para to hydroxyl that 
nuclear acylation occurs. For example, phloroacetophenone may be obtained in 
80% yield by passing hydrogen chloride into a cooled solution of phloroglucinol 
(1,3,5-trihydroxybenzene) and acetonitrile in ether containing suspended zinc 
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chloride and then hydrolyzing the resulting precipitate of the immonium salt by 
boiling in aqueous solution [2]. 


+ a 
Me NH» Ci 
HO OH HO. OH 
+ MeCN + Ho 2mCk, 
OH OH 
Me, .O 
a HO OH 
= + NHC! 
OH 
phloroacetophenone 


(g) Vilsmeyer formylation 


N-Formylamines, from secondary amines and formic acid, formylate aromatic 
compounds in the presence of phosphorus oxychloride. The mechanism is thought 
to be as follows: 


RoN heat Be 
PNH + HCOH Go R2N-CHO 


H 
fe) 
ES) n + Zw “Ar beat 
RoN NA CLP=0  — rAi=cl pol, So. eo. 
Cl 
+ + Ar. Ci NR 
RN=CHCl == — R,N-CHCI Ate oH” : 
Sc 
electrophilic species 
+ 3 - 
— ArCH=NR, Cl tO ArCHO + R,NH? Cl 


Only the most reactive aromatic compounds are formylated, e.g. benzene and 
naphthalene are unreactive but anthracene gives the 9-aldehyde (84%), NN- 
dimethylaniline gives p-dimethylaminobenzaldehyde (80%), and thiophen gives 
the 2-aldehyde (70%). The method is particularly effective for compounds such as 
pyrroles which are not formylated by other procedures, e.g. pyrrole gives the 2- 
aldehyde in 85% yield and indole gives the 3-aldehyde in 97% yield, each with 
dimethylformamide [4]. 
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(h) Reimer-Tiemann formylation 


The treatment of phenols with chloroform in basic solution gives aldehydes, e.g. 


OH OH 
7 CHO 
+ CHC pois om + some phydroxybenzaldehyde 
40% 


The reaction occurs through dichlorocarbene, which is generated from chloro- 
form and alkali (p. 101) and, being electrophilic, is attacked by the strongly 
nucleophilic phenoxide ion. Hydrolysis of the benzal chloride follows, and acidifi- 
cation yields the aldehyde. 


om ie) oO 7 OH 

H CHCI 
Q CCl cy H20 cy CHClo tautomerizes ei : 
NA 


- OH 


CHO 
- 2HCI 


Pyrrole, which resembles phenol in its reactivity to electrophiles (p. 358), 
undergoes the Reimer-Tiemann reaction, via the strongly nucleophilic pyrrolate 
anion, giving pyrrole-2-aldehyde, but a second product, 3-chloropyridine, is also 
obtained. Each product derives from the same intermediate: 


me Cet a 3 ee 
H 


CHCl, 
LY 
Neer, 
; oot! - = 
d ay ‘o ol - 
N N 


Phenols with blocked para positions give cyclohexadienones in which the two 
chiorine substituents, being in neopentyl-type environments, are resistant to 
hydrolysis in the basic conditions (p. 105) and remain intact, e.g. 


OH 


Me 
CHC - NaOH 
Me 


Me Me ign 
40% 
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Use may be made of this property for introducing angular methyl groups into 
decalin derivatives (cf. p. 231): the angular group is introduced as —-CHCI, and 
converted into --CH; by hydrogenolysis, e.g. 


CHCl, Me 


Tes) CHCly- NaOH oe 2H ee 
HO e) O 


(i) Kolbe-Schmitt carboxylation 


Phenoxide ions are reactive enough to add to carbon dioxide, which is a relatively 
weak electrophile; reaction is carried out under pressure at about 100°C. The 
ortho product predominates, probably because of the stabilizing influence of 
chelation on the transition state for ortho substitution, e.g. 


Nat 
) 0 Oo OH OH 


‘ : CO; ‘ 
SC — e; ZO tautomerizes on 2 yt oa 
1 oe 


However, the reaction is reversible and at about 240°C the less rapidly formed, 
but more stable, para-isomer predominates. 

Pyrrole undergoes a similar reaction, giving pyrrole-2-carboxylic acid, on being 
heated with ammonium carbonate at 120°C. 


(j) The Mannich reaction 


This reaction is suitable for bonding aliphatic carbon to the reactive positions of 
phenols, pyrroles, and indoles (p. 263). For example, pyrrole, formaldehyde, 
and dimethylamine give 2-dimethylaminomethylpyrrole, 


US + cro «+ unm, “2 fF \ 
N N CH.NMe, 
H H 


and indole reacts, as usual, at the 3-position to give gramine, 


CH,NMe, 
On + CHO + HNMe, HQ, ons 
N N 
H H 
gramine 


Furan resists Mannich conditions, but 2-methylfuran, whose methyl group 
increases the reactivity of the nucleus to electrophiles, reacts at the 5-position. 
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Formation of 
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nitrogen bonds 


A\ + CHO + HNMe, 2. Sh oaee 
gNMe2 


Me~ *O Me” ~“O 


Synthetic uses of the Mannich bases from some of these aromatic compounds 
have been described previously (p. 264). 


(a) Nitration 


By far the most commonly employed method for bonding nitrogen to aromatic 
systems is by nitration. The reason is that a very wide variety of nitration 
conditions is available, so that suitable procedures may usually be found for 
nitrating compounds of both very high and very low nuclear reactivity. The more 
frequently employed methods, arranged in approximately decreasing order of 
their vigour, are: 


e A mixture of concentrated nitric and concentrated sulfuric acid, 
Fuming nitric acid in acetic anhydride, 

Nitric acid in glacial acetic acid, 

Dilute nitric acid. 


The mixture of concentrated nitric and sulfuric acids generates the nitronium 
ion, NO3, and this is the active electrophilic species. Its formation results from 
protonation of nitric acid by sulfuric acid (i.e. nitric acid acts as a base towards a 
powerful proton-donor), followed by heterolysis: 


HO, + HO-NO, === HSO; + H,0-NO, 


H,O-NO) == HO + NOt 


The molecule of water formed is essentially completely removed by protonation, 
so that the equilibria favour the nitronium ion. However, added water can reduce 
the concentration of nitronium ions and lower the nitrating power of the system. 

A solution of nitric acid in acetic anhydride contains a number of species in 
equilibrium: 


HO-NO, + Ac-OAc HO-Ac + AcO-NO, 


2AcONO2 === AcOAc + Q,N-O-NO, 
O.N-O-NO, === NO* + NO; 


It is believed that the nitronium ion is again the principal electrophilic entity. 
Dilute nitric acid contains a negligible concentration of the nitronium ion and it 
acts as a nitrating agent only by virtue of the small concentration of nitrous acid 
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which is normally contained in it. This gives rise to the nitrosonium ion, NO*, 
which nitrosates the aromatic ring; the nitroso-compound is oxidized by nitric acid 
to the nitro-compound which generates more nitrous acid to continue the chain- 
reaction: 


ArH + HNO, — ArNO + H20 


ANO + HNO, = ArNO2 + HNO» 


Consequently, only those compounds (e.g. phenols) which undergo nitrosation 
can be nitrated with dilute nitric acid. 


(i) Benzene. Benzene is nitrated satisfactorily by a mixture of concentrated 
nitric and sulfuric acids (‘mixed acids’). Since the nitro group deactivates the 
aromatic nucleus towards electrophiles, it is relatively easy to prevent di- or 
polynitration: reaction at 30—40°C yields nitrobenzene rapidly and in about 95% 
yield. However, dinitration can be brought about by raising the temperature to 
90- 100°C. 


(ii) Moderately activated nuclei. Although the alkylbenzenes are more reactive 
than benzene (e.g. toluene is nitrated at about 25 times the rate of benzene in the 
same conditions), nitric acid in sulfuric acid is still the most satisfactory method. 
The o- and p-nitro-derivatives predominate, but the proportion of the former falls 
as the alkyl group increases in size (p. 351). 


(iii) Strongly activated nuclei. Naphthalene is reactive enough to be nitrated by 
nitric acid in acetic acid, giving mainly 1-nitronaphthalene, and similar conditions 
give 2-nitrothiophen (70-85%) from thiophen [2] and nitromesitylene (75%) 
from mesitylene [2]. 

Phenol, which is considerably more reactive, is nitrated with dilute nitric acid 
and gives comparable amounts of o- and p-nitrophenol. Aniline is too readily 
oxidized for direct nitration to be practicable. The amino group is first pro- 
tected by acetylation, acetanilide is nitrated, and the acetyl group is removed by 
hydrolysis. NN-Dimethylaniline is less easily oxidized than aniline and can be 
nitrated with dilute nitric acid. 

Furan and pyrrole are polymerized by acidic nitrating systems but nitration in 
acetic anhydride at low temperatures is successful. Each compound gives mainly 
the 2-nitro-derivative, that from furan being formed via an adduct: 


HNO, + AcO —»  AcO-NO, + AcOH 


l\ ACONO? HC att ‘ - ACOH es 
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3-Nitroindole can be obtained by treating indole with ethyl nitrate in ethanol 
containing sodium ethoxide. Reaction occurs via the indolate anion:* 


a H NO, 


a 5 
Wo iy =. oe 
N N M 
NO, NO 
base od H* es 
N N 
H 


(iv) Moderately deactivated nuclei. The halobenzenes, which are about one- 
tenth as reactive as benzene, are nitrated in the same way as benzene. The p- 
nitro-derivative predominates in each case and further nitration gives chiefly the 
2,4-dinitro-derivatives. Concentrated nitric and sulfuric acids at or below room 
temperature are also suitable for the nitration of rather less reactive compounds 
such as benzaldehyde, acetophenone, and methyl benzoate, each of which gives 
mainly the m-nitro-derivative. For example, nitration of methyl benzoate at 
5-15°C gives methyl m-nitrobenzoate in 80% yield (1]. 

The nitration of NN-dimethylaniline in concentrated sulfuric acid gives the m- 
nitro-derivative in about 60% yield [3]. This is because in the strongly acidic 
conditions essentially all the amine is present as the meta-directing anilinium ion; 
in less acidic conditions the p-nitro-derivative is the main product. 


(v) Strongly deactivated nuclei. Nitrobenzene is less reactive than the deacti- 
vated compounds such as benzaldehyde but the mixed-acid procedure is successful 
at about 90-100°C: m-dinitrobenzene is obtained in about 80% yield. m-Dinitro- 
benzene itself is so strongly deactivated that further nitration requires fuming 
nitric acid and fuming sulfuric acid at 110°C for several days; 1,3,5-trinitro- 
benzene is formed. This compound is more satisfactorily obtained from toluene: 
the activating influence of the methyl group allows 2,4,6-trinitrotoluene to be 
formed with mixed acid and the methyl group is removed by oxidation and 
decarboxylation.' 


Me Me COH 


OoN NO, OnN NO, 
HNO 3 bi H2SO, NagCr207 -H2SO4 


NO, NO, 


*cf. the reaction of enolates with alkyl nitrates, p. 323. 
*Decarboxylation occurs readily because of the presence of the electron-attracting nitro groups. 
Reaction probably occurs via the carbanion, see p. 389. 
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OoN NO, 
heat 
-CQo 


NO> 


Pyridine is very powerfully deactivated, partly because in the acidic conditions 
necessary for reaction it is fully protonated (unlike the very weakly basic nitro 
compounds). Even the use of 100% sulfuric acid and a mixture of sodium and 
potassium nitrates at 300°C gives only 5% of 3-nitropyridine. 3-Substituted pyri- 
dines are better prepared by starting with the naturally occuring nicotinic acid, 
converting it into 3-aminopyridine via Hofmann bromination (p. 442), and mak- 
ing use of the reactivity of the corresponding diazonium salt (p. 410). 


CO2H NH 
“A 1) to amide Cir 
| eon | 
SN 2) Bra - NaOH Sn 
hicotinic acid 3-aminopyridine 


The properties of pyridine and related heterocycles are profoundly modified 
in the corresponding N-oxides; for example, pyridine N-oxide, obtained from 
pyridine by oxidation with 30% aqueous hydrogen peroxide in acetic acid at 
70-80°C (see p. 622), undergoes nitration with mixed nitric and sulfuric acids at 
100°C to give mainly the 4-nitro-derivative. The explanation is that mesomeric 
electron-release from the oxide oxygen atom stabilizes the transition state for 4- 
substitution, as represented by the contribution of the resonance structure c: 


H NO, | NO» NO>2 NO, 
¢ ei) + Qo |: 20) 
Si | St 
oO o 


a 6 ce 


Substitution at the 2-position (but not at the 3-position) should likewise be 
facilitated, but the activating influence of oxygen at the 2-position is evidently 
much weaker than at the 4-position, since the 2-nitro-derivative is formed only in 
very small amount. Since pyridine N-oxides are readily deoxygenated (e.g. with 
phosphorus trichloride), nitration of pyridine N-oxide provides a useful route to 
4-nitropyridine. 

Quinoline and isoquinoline are considerably more reactive than pyridine. The 
effect of the heteroatom is not strongly felt in the benzenoid ring and nitration in 
concentrated sulfuric acid at O0°C gives, with quinoline, comparable quantities of 
the 5- and 8-nitro-derivatives and, with isoquinoline, almost entirely the 5-nitro- 
derivative. 
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(b) Nitrosation 


Nitrosation is brought about by treatment of an aromatic compound with sodium 
nitrite and a strong acid. Nitric acid cannot be used since it oxidizes the nitroso 
product to a nitro compound (p. 622) and sulfuric acid or hydrochloric acid is 
normally chosen. 

The electrophilic entity is the nitrosonium ion, NO*, that is generated from 
nitrous acid in a manner analogous to the formation of the nitronium ion from 
nitric acid. 


NaNO, + H2S0, _—_ HNO. + NaHSO, 


| 


+ 
HO-NO + H2SO, H20-NO + HSO, 


HO -NO — HO + Not 


Nitrosation is limited to the very reactive nuclei of phenols and tertiary aro- 
matic amines. Primary aromatic amines undergo diazotization (section 13.1) (but 
see below) and secondary amines undergo N-nitrosation (ArNHR + NO* > 
ArNR—N=O + H*). In a typical procedure, 2-naphthol in sodium hydroxide 
solution is treated with sodium nitrite, and concentrated sulfuric acid is then 
added: 1-nitroso-2-naphthol is obtained in over 90% yield [1]. 


The treatment of NN-dimethylaniline with sodium nitrite and hydrochloric acid 
gives p-nitrosodimethylaniline, as its hydrochloride, in 85% yield. 

The nitroso compounds formed are easily oxidized to nitro compounds (p. 
622) and reduced to amines (p. 671). In the latter context, they find a synthetic 
application when the normal route to an aromatic amine, via nitration, cannot 
be employed because of the disruption of a sensitive compound in nitrating 
conditions. For example, in one synthesis of adenine (6-aminopurine) the last of 
three amino groups was introduced via nitrosation:* 


NHp NH, 


al HNO, - Ht wy” reduction 
Wy NH Ky NH, 


| 


* The primary amino groups in this molecule are not diazotized because the unshared electron-pair on 
each is withdrawn into the ring by the electron-attracting heteroatoms. The nucleus, however, is 
sufficiently activated by the combined effect of the two amino groups to undergo C-nitrosation. 
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NH $ NH2 
wy ‘H-C-S" Na or 
Ky NH . 

adenine 


(c) Diazonium coupling 


The highly reactive nuclei of phenoxide ions, aromatic amines, pyrrole, etc. react 
with aromatic diazonium ions, ArN3. These reactions are discussed subsequently 
(section 13.4). 


11.5 

Formation of 

carbon—sulfur 
(a) Sulfonation bonds 


As in nitration, the conditions for sulfonation may be varied widely and suitable 
conditions for the reactions of both strongly activated and strongly deactivated 
nuclei are available. 

The electrophilic sulfonating entity is sulfur trioxide, which is present in con- 
centrated sulfuric acid as the result of the equilibrium, 


2HS0, == = SO; + H,O0* + HSO, 


Its concentration is reduced by the addition of water but is greater in fuming 
sulfuric acid. Sulfur trioxide is also ‘carried’ by pyridine in the form of pyridinium- 
1-sulfonate (from pyridine and sulfur trioxide), 


Oo 
a 
Sul 
0=$=0 
ie 


and this compound is a suitable sulfonating agent for compounds which are 
unstable to acids. 

The mechanism of sulfonation is essentially the same as that of other elec- 
trophilic substitutions: 


H_S0,-07 $0,0H 


gO- og —- 


However, unlike most substitutions, sulfonation is readily reversible: the sulfonic 
acid group is eliminated by heating the compound with dilute sulfuric acid. 


382 


PRINCIPLES OF ORGANIC SYNTHESIS 


Applications of the reverse process are described below. 

Benzene is normally sulfonated with 5—20% oleum and these conditions are 
suitable also for the weakly deactivated halobenzenes. For more reactive com- 
pounds, such as the alkylbenzenes and the polycyclic hydrocarbons, sulfuric acid 
is satisfactory, e.g. in these conditions toluene gives the three toluenesulfonic 
acids in the approximate proportions: ortho, 10: meta, 1: para, 20. 

Pyrrole, furan, and indole, which are decomposed by acids, are successfully 
sulfonated by pyridinium-1-sulfonate. Reaction occurs at the 2-position in each 
case (unexpectedly, in the case of indole). The more stable thiophen may be 
sulfonated with 95% sulfuric acid, but a higher yield (about 90% of thiophen-2- 
sulfonic acid) is obtained with pyridinium-1-sulfonate. 

Aniline reacts with sulfuric acid to form a salt but on strong heating this 
rearranges, through phenylsulfamic acid, to sulfanilic acid. 


, ; SO;0H 
NHS HSO, HN NH» 


180-190 °C 
ee al —_—__— 
‘e) H20 


Phenol readily undergoes disulfonation to give the 2,4-disulfonic acid. 

Strongly deactivated nuclei can be sulfonated with oleum at high temperatures. 
Benzenesulfonic acid gives the m-disulfonic acid with 20-40% oleum at 200°C, 
nitrobenzene gives m-nitrobenzenesulfonic acid similarly, and even pyridine gives 
a high yield (70%) of pyridine-3-sulfonic acid when sulfonated with oleum in the 
presence of mercury(t) sulfate at 230°C. As usual, quinoline and isoquinoline are 
more reactive than pyridine and give, respectively, mainly the 8-sulfonic acid and 
the 5-sulfonic acid with sulfuric acid at 220°C. 


SO20H 
sulfanilic acid 


(i) Applications of the reverse of sulfonation. The reversibility of sulfonation 
makes possible (1) the use of the sulfonic acid group for protection and (2) 
the formation, in appropriate conditions, of the thermodynamically most stable 
product. 


(1) The use of sulfonate as a protective group is illustrated by the synthesis of 
o-nitroaniline. Acetanilide is sulfonated to give almost exclusively the p-sulfonic 
acid; nitration then occurs ortho to the acetamido group (and is accompanied 
by the hydrolysis of the acetyl group); and the sulfonic acid group is finally 
eliminated by treatment with dilute sulfuric acid. 


NHAc NHAc NH. NH, 
NO, NO, 
HeSO,q HNO3 H2SQq - HO 


S0,0H SO,0H 
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(2) The principles of the competition between kinetic and thermodynamic 
control in sulfonation have been discussed earlier (section 3.7d). Sulfonation at 
low temperatures gives the kinetically controlled products, e.g. mainly toluene-p- 
sulfonic acid from toluene and naphthalene-1-sulfonic acid from naphthalene, 
whereas at about 160°C the more stable toluene-m-sulfonic acid and naphthalene- 
2-sulfonic acid predominate. This is of particular value in enabling 2-naphthyl 
derivatives to be obtained through conversion of the 2-sulfonic acid into 2- 
naphthol (p. 402) and thence into 2-naphthylamine (p. 407), diazotization of 
which enables other groups to be introduced. 


(b) Chlorosulfonation 


Aromatic compounds which are neither powerfully deactivated nor unstable to 
acids react with chlorosulfonic acid, for example benzene at 20-25°C gives 
benzenesulfony! chloride in 75% yield [1]: 


PhH + 2 CISO,0OH — Phso-ccl + H2SQ, + HCl 


An important example occurs in the synthesis of sulfanilamide (the first of the 
Sulfa drugs). 


NHAc NHAc NHAc NH2 
C} CISO,0H 0 NH O 4,0" O 


SO,Cl SO,NH> SO2NH2 
sulfanilamide 
(c) Sulfonylation 


Benzene reacts with benzenesulfonyl chloride in the presence of aluminium tri- 
chloride to give diphenyl sulfone: 


PhSO.Cl + = PhH ACE PhSO.Ph + HCI 


The reaction, which is analogous to Friedel-Crafts acylation, has the same 
limitations as chlorosulfonation. 


11.6 
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(a) Chlorination halogen bonds 


Three general procedures are available for chlorination, the choice of method 
being based on the reactivity of the aromatic compound. 
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The mildest conditions involve the use of molecular chlorine, usually in solution 
in acetic acid or a non-polar solvent such as carbon tetrachloride. The chlorine 
may be introduced as the gaseous element or may be generated in situ from an N- 
chloroamine and hydrogen chloride, 


RN-ClL + HCl = ANH + Ch 


Since hydrogen chloride is formed as a result of aromatic chlorination, this 
procedure for generating chlorine is continuous once started and the concen- 
tration of chlorine in solution can be maintained at the desired level according to 
the amount of hydrogen chloride added initially. 

The reactivity of molecular chlorine is increased by the addition of a Lewis 
acid. Aluminium trichloride and iron(im) chloride are commonly used; they are 
usually introduced as aluminium amalgam and iron filings, respectively, from 
which the metal chlorides are generated in situ. The function of the Lewis acid 
is to withdraw electrons from the chlorine molecule thereby increasing its elec- 
trophilic character. It should be emphasized that this polarizing influence does not 
lead to complete ionization (e.g. Cl, + AICI; — Cl* + AICI;), i.e. the reaction 
should be represented as: 


¢ voc AICkh —> Ce. AIC, —= ¢ \-«1 + HCl + AICI, 


Still more reactive conditions are obtained by using an acidified solution of 
hypochlorous acid. It has been suggested that the effective electrophile is the 
chlorinium ion, Cl*, 


+ 
HO-Cl + Ht = H,O-Cl == HO + cit 


but this may be an oversimplification of the mechanism. A similarly reactive form 
of chlorine is derived from a solution of chlorine in carbon tetrachloride in the 
presence of silver sulfate. 


(b) Bromination 


The methods for bromination are closely related to those for chlorination: mol- 
ecular bromine, added as such, or generated in situ from an N-bromoamine and 
acid, may be used; increased electrophilic power may be obtained by using 
bromine in the presence of a Lewis acid such as iron(11) bromide (i.e. addition of 
iron filings). A ‘positive’ brominating entity is present in acidified hypobromous 
acid and can also be obtained from bromine and silver sulfate in concentrated 
sulfuric acid. 

Bromine itself can catalyze molecular bromination by virtue of its ability to 
form tribromide ion: 


Y 


aN + - 
ArH Br—Br 8r-Br o— ArHBr +) Br—Br-—-Br 
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A second-order term in bromine therefore occurs in the kinetics of bromination. 
However, bromine is a much weaker Lewis acid than iron(1) bromide. 

Iodine is often used as a catalyst in brominations. It acts by forming iodine 
bromide which facilitates bromination by removing bromide ion as IBrz: 


lb + Bo = 2 IBr 


Aine Moen ee! SS. ale 4 IBrs 


(c) lodination 


lodine is a relatively weak electrophile which alone reacts with only the most 
strongly activated aromatic compounds such as phenols and amines. However, 
less reactive compounds can be iodinated in the presence of nitric acid or per- 
oxyacetic acid; for example, benzene and iodine in the presence of nitric acid give 
iodobenzene in 86% yield [1]. 

It used to be thought that iodine and benzene react reversibly to give only a 
small proportion of iodobenzene, 


PhH + ll —= Phi + HI 


and that the function of the additive is to oxidize the hydrogen iodide and so 
displace the equilibrium to the right. However, it is now realized that this cannot 
be the explanation, since the rate of the back reaction is very slow. Evidence has 
been obtained that, in nitric acid, a more reactive iodinating agent than iodine is 
formed, namely, the protonated form of NO,I: 


PhH + I-O-NO. —* Phil + HONO + H* 
4 
H 
In peroxyacetic acid, it is possible that the iodinating entity is iodine acetate: 


lo + CH,CO.0OH == lIOCOCH3 + HO! 


(d) Fluorination 


Fluorine is far too reactive a compound to be used as a halogenating agent. Aryl 
fluorides are prepared via aromatic diazonium ions (p. 412). 


(e) Applications in synthesis 


Highly activated nuclei react readily with molecular halogens and polyhalo- 
genation occurs. For example, phenol and bromine in aqueous solution give a 
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precipitate of a tetrabromodienone which, on washing with NaHSO; solution, 
forms 2,4,6-tribromophenol: 


OH fo) OH 


Br. Br Br. Br 
4Brp NaHSO3 
-4 HBr 


Br Br Br 


The successive reactions occur through the very reactive phenoxide and sub- 
stituted phenoxide ions, even though these are present in small concentrations; 
the deactivating effect of each bromo-substituent is offset by its acid-strengthening 
influence, so that relatively more of the corresponding phenoxide ion is present as 
successive bromines are introduced. However, it is possible to control the extent 
of halogenation by using an acidic medium to suppress ionization. For example, 
the chlorination of phenol can be controlled to give mainly 2,4-dichlorophenol; 
the derivative, 2,4-dichlorophenoxyacetic acid, is manufactured as a selective 
weed killer. 

Pyrrole, each of whose four nuclear positions is highly activated, gives tetra- 
bromo and tetraiodopyrrole with bromine and iodine, respectively, and with 
chlorine gives a pentachloro-derivative, 


Furan is polymerized at room temperature by the acid liberated during hal- 
ogenation, but at —40°C chlorination is reasonably efficient: the 2-chloro and 
2,5-dichloro products predominate. Thiophen can also be chlorinated at low 
temperatures and at —30°C gives a mixture of products containing mainly the 2- 
chloro and 2,5-dichloro derivatives. Iodination in the presence of mercury(i) 
oxide gives 2-iodothiophen. 

Compounds of moderately high nuclear reactivity give monohalo-derivatives 
with the molecular halogens. For example, bromine in carbon tetrachloride reacts 
with mesitylene to give bromomesitylene (80%), with naphthalene to give 1- 
bromonaphthalene (75%), and with acetanilide to give p-bromoacetanilide 
(80%). 

Compounds of the order of reactivity of benzene require a catalyst for halogen- 
ation. For example, benzene and chlorine give chlorobenzene in the presence 
of aluminium amalgam, and benzene and bromine give bromobenzene in the 
presence of iron filings, aluminium amalgam, or iodine. 

These conditions are also suitable for quite strongly deactivated compounds, 
although high temperatures are needed in some cases. For example, nitrobenzene 
gives a 60% yield of m-bromonitrobenzene when treated with bromine in the 
presence of iron filings at 135-145°C [1] and even pyridine is brominated at 
300°C to give the 3-bromo- and 3,5-dibromo derivatives. 
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Strongly deactivated compounds can often be successfully halogenated with a 
source of ‘positive’ halogen. For example, m-dinitrobenzene reacts with acidified 
hypobromous acid, 


NO> NO, 
HOBr -H* 


he Bel 


and benzoic acid and iodine in similar conditions give m-iodobenzoic acid in 75% 
yield. 


NO, 


(a) Hydroxylation 


Hydrogen peroxide and peroxyacids in acidic media bring about electrophilic 
hydroxylation. Proton acids probably act by hydrogen-bonding to one oxygen 
atom of the peroxy-compound, so increasing the tendency for heterolysis of the 
O--O bond under the influence of the aromatic compound, 


ArH NO = ArH(OH) + ROH + HO 
HH” Sex t 
Hpi 
_—_ ArH + ROH + H,0* (R =H or acyl) 


and Lewis acids such as boron trifluoride act by coordination to oxygen, 


R : 

ati oft + ATH(OH) = + ~—«RO-BF 
H BF, 

—+ WOH + ROH + BF, 


In general, electrophilic hydroxylation is not a satisfactory method for pre- 
paring phenols because the hydroxyl group which is introduced powerfully acti- 
vates the positions in the nucleus which are ortho and para to it and further 
hydroxylation occurs readily. The dihydroxy products are then oxidized to quin- 
ones and rupture of the aromatic ring may follow. 

However, if the positions which are activated by the entering hydroxyl group 
are substituted, further reaction is less likely to occur. In these circumstances 
reasonable yields of phenols may be obtained. For example, mesitylene can be 
converted into mesitol in 88% yield (based on the mesitylene which has reacted) 
by treatment with trifluoroperoxyacetic acid in the presence of boron trifluoride: 
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OH 
Me Me Me Me 
Ww CF3CO20H - BF 
Me Me 
mesitol 


(b) Metallation 


Salts of divalent mercury bring about the mercuration of aromatic compounds, * 
e.g. 
PhH + — Hg(NOs)2 oe, PhHgNO; + HNO; 


Yields are low unless air and water are excluded and mercury(t!) oxide is added to 
remove nitric acid and prevent the reverse reaction. 

The mercury derivatives have useful applications. For example, o-iodophenol is 
conveniently synthesized by treating phenol with mercury(I) acetate, convert- 
ing the o-acetoxymercury derivative which is formed into the o-chloromercury- 
derivative, and treating this with iodine: 


Oe OS OM ae OF 


2-Bromo- and 2-iodofuran may be obtained in a similar way from furan: 


f \ HCl & \ 7 i f 2 
oO a HgCl Br (or !) 
Thallium(m1) salts have similar applications. For example, p-xylene and thallium 

tris(trifluoroacetate) give the thallium derivative which, with potassium iodide at 


0°C, forms the iodo-compound in 80-84% overall yield [6]: 


Me Me Me 
TKOCOCF 4) ' 
COST a + 2CF,CO.K + Til 
Me Me Me 


The thallation of monosubstituted benzenes with ortho-, para-directing substitu- 
ents takes place almost entirely at the para position, probably because of the bulk 
of the thallium reagent, and this provides a good method for introducing a p-iodo 
group. 


* Electrophilic metallations by metal salts should not be confused with the metallation of aromatic 
compounds with metal, p. 185. 


ELECTROPHILIC AROMATIC SUBSTITUTION 
(c) The displacement of groups other than hydrogen 


A large number of electrophilic substitutions are known in which atoms and 
groups other than hydrogen are displaced from the aromatic ring (ipso-substi- 
tution). Few of these have synthetic value, but many can compete as unwanted 
reactions when attempts are being made to effect other substitutions; particular 
attention is drawn in the following to these side-reactions. 


(i) Decarboxylation. Powerfully activating substituents lead to the ready dis- 
placement of a carboxyl group, as carbon dioxide, from aromatic compounds.* 
For example, pyrrole- and furan-carboxylic acids decarboxylate on being heated; 
the reaction can be regarded as involving an internal electrophilic substitution by 
hydrogen, e.g. 


oO 
— a 
Cun - Os = BO 
nN’ ~COH ON"H N 
H H H 


The acid-catalyzed decarboxylation of phenolic acids is similar, e.g. 


CO.H 


HO OH , HO OH 


OH ? Ob OH 


Electrophiles other than the proton can displace carboxyl groups from activated 
nuclei. For example, salicylic acid and bromine give 2,4,6-tribromophenol: 


*These decarboxylations are entirely different from those which occur in aromatic carboxylic acids 
containing strongly electron-attracting groups. The latter involve the formation of carbanions which 
derive moderate stability from the presence of the electron-attracting group(s). Typical examples are: 


a a -CO2 a ao 
SS | aaa St | & so st y. aig SS | 
N CO 3H N“&c- N N 
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OH OH OH 


CO2H Br. CO2H Br. Br 
+ 2Brp HBr Be, + CO> + HBr 


(ii) Desulfonation. The sulfonic acid group is readily displaced from aromatic 
rings by acids (p. 381) and can also be displaced from strongly activated positions 
(e.g. ortho or para to hydroxyl or amino) by halogens, e.g. 


OH 
Br. Br 


OH 
Br. Br 
— + SO; 


SO,0H Br 


and in nitrating conditions, e.g. 


OH OH 
SO20H O2N NO, 
3 HNO + 2803 + 3HO 
SO,0H NO, 
picric acid 


The last reaction provides a useful method for preparing picric acid, for 
attempts to trinitrate phenol itself lead to extensive oxidation. Phenol-2,4-disul- 
fonic acid is readily obtained by sulfonating phenol (p. 382). 


(iii) Dealkylation. Tertiary alkyl groups are displaced from aromatic rings not 
only by acids (the reverse of Friedel-Crafts alkylation, p. 364) but also by the 
halogens. Reaction is especially favourable if the alky] group is ortho or para to a 
strongly activating substituent, but occurs to some extent even in an unactivated 
situation, e.g. the chlorination and bromination of t-butylbenzene lead to some 
chlorobenzene and bromobenzene, together with the t-butylhalobenzenes. 

This reaction, which can be a disadvantage in halogenations, is apparently 
limited to tertiary alkyl groups, no doubt because of the comparative stability of 
tertiary carbocations as leaving groups, e.g. 


CMe, Br CMe, Br 
OF O ~ O 


Nitration can also lead to dealkylation, e.g. the nitration of p-diisopropylben- 
zene gives comparable amounts of the deprotonated and dealkylated products: 
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CHMe, CHMe, CHMe, 
NO, 
HNO3 + 
CH Mes CHMe, NO. 


This side-reaction is only significant when highly branched alkyl groups are 
involved. In some cases it can be the dominant reaction, e.g. the nitration of 
1,2,4,5-tetraisopropylbenzene gives only the triisopropylnitro product, evidently 
because of the steric hindrance to normal nitration. 


CHMe, CHMe, 
CHMe, NO, 
HINO, | 
Me,CH Me,CH 
CHMe, CHMe, 


(iv) Dehalogenation. The reverse of halogenation occurs when the halogen 
atom is adjacent to two very large substituents. For example, 2,4,6-tri-t-butyl- 
bromobenzene is debrominated by strong acid. Evidently the reaction is facili- 
tated by the release of steric strain between the halogen and the ortho substituents 
in passage from the eclipsed reactant to the staggered intermediate: 


Br 
Me3C CMe, 


CMe, 


eclipsed 


Dehalogenation as a side-reaction is more serious in nitration. For example, p- 
iodoanisole and nitric acid give p-nitroanisole: 


| L NO, NO» 


NO? 
OMe *Ome OMe 


Reaction is here facilitated by the powerful activating effect of p-methoxyl, but 
deiodination occurs to some extent even in less activated environments, e.g. the 
nitration of iodobenzene gives a small amount of nitrobenzene. Debromination 
and dechlorination occur, but less readily. 
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11.8 

The preparation 
of derivatives 
with specific 
orientations 


Unless only one position in an aromatic compound is available for reaction, as in 
a symmetrically para-substituted benzene, electrophilic reactions invariably lead 
to mixtures of two or more products. This is usually a disadvantage in synthesis, 
as it is usually required to obtain only one product in as high a yield as possible. 
Although it is not possible to write down a series of principles, reference to 
which will indicate an efficient route to every possible aromatic derivative, some 
generalizations are relevant. These are given here, together with a summary of 
some of the special techniques mentioned earlier in the text, with respect to 
substitution in benzenoid rings. 


(1) The first consideration in devising a route to a disubstituted benzene, 
CeH4XY, is the directing character of each substituent. If X is meta-directing and 
Y is ortho, para-directing, it should be possible to obtain as main products both 
the meta-isomer, by starting with PhX, and the ortho- and para-isomers, by 
starting with PhY. For example, the chlorination of nitrobenzene in the presence 
of iron filings gives mainly m-chloronitrobenzene whereas the nitration of chloro- 
benzene in sulfuric acid gives about 30% of o-chloronitrobenzene and 60% of p- 
chloronitrobenzene. 

(2) This approach fails in many cases, a particularly common circumstance 
being that the meta-directing compound is too deactivated to undergo the neces- 
sary reaction, e.g. o- and p-nitrotoluene can be obtained by nitrating toluene, 
but m-nitrotoluene cannot be obtained by alkylating nitrobenzene. An indirect 
approach has then to be adopted and one commonly used is based on the 
versatility of the amino group, as in the synthesis of m-bromotoluene (p. 355). 

(3) In some cases the nature of a substituent may be modified to achieve the 
appropriate orientation. For example, both m- and p-nitropropylbenzene may be 
made from propiophenone: nitration, followed by selective reduction of the 
carbonyl group (p. 649), gives the m-nitro compound, 


0. 0. 
Clemmensen 
HNO - HaSO, reduction 
NO, NO, 


and reduction to propylbenzene followed by nitration gives about 50% of the p- 
nitro compound. 

(4) The main product of a substitution is more easily isolated and purified if it 
is a solid than if it is a liquid. Fractional distillation of a liquid (on a laboratory 
scale) is usually inefficient because the boiling points of ortho-, meta-, and para- 
isomers are very close together, whereas the purification of a solid by recrystalliz- 
ation is almost always practicable. It is therefore sometimes more satisfactory to 
rearrange a synthesis so that the aromatic substitution provides a solid that, after 
purification, can be transformed into the desired product. For example, although 
m-chloronitrobenzene can be obtained as the main product of the direct chlorin- 
ation of nitrobenzene, it is more easily obtained in a pure state by the nitration of 
nitrobenzene, which gives a high yield of the solid m-dinitro-derivative, followed 
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by selective reduction of one nitro group (p. 668), diazotization, and Sandmeyer 
chlorination (p. 412). 


NO, 


NO, NO, NO, 
NO, NH, Cl 


(5) It is more difficult to isolate a particular product from the substitution of 
ortho, para-directing compounds than from a meta-directing compound. Whereas 
the latter usually give almost entirely (c. 90%) the meta-derivative, the former 
often give comparable quantities of the ortho and para products. This not only 
limits the efficiency of the method for a particular derivative, since yields are 
likely to be less than 50%, but also makes purification difficult even if both 
products are solids, and losses result. In general, the para product is easier to 
obtain than the ortho-isomer because it is normally higher melting and therefore 
less soluble and can be obtained by recrystallization. 

In a few instances a particular structural feature gives rise to a specific differ- 
ence in physical properties of ortho and para isomers which can be employed for 
their separation. For example, the nitration of phenol with dilute nitric acid gives 
comparable amounts of o- and p-nitrophenol. The ortho-isomer is a chelated 
compound (p. 35) whereas the para-isomer is highly associated through intermol- 
ecular hydrogen-bonding. This results in the former being much more volatile and 
it may be cleanly separated from the latter by distillation in steam. 

(6) Alteration in the reaction conditions can change the proportions of 
products, as in the sulfonation of naphthalene (p. 383). 

(7) A more general method for modifying the directing character of a com- 
pound is to block the most reactive position with a group which can be readily 
removed after the appropriate substitution has been accomplished. Examples of 
the use of the t-butyl and sulfonic acid groups have been quoted (pp. 365, 382). 

(8) The amino group is particularly widely employed in aromatic substitutions 
by virtue both of its ease of conversion into other groupings via diazotization 
(chapter 13) and of its activating power coupled with the ease of its removal from 
the aromatic nucleus (p. 413). Both mild activation, through the acetyl deriva- 
tive of the amino group, and powerful activation (e.g. the synthesis of 1,3,S- 
tribromobenzene, p. 414) can be achieved. The methyl group also has some 
applications as an activating group which is removable from the nucleus, as in the 
synthesis of 1,3,5-trinitrobenzene (p. 378). 


1. What do you expect to be the chief product(s) of the mononitration of the 
following compounds? 


(a) F (5) or, (C) — so,Ph 


ao CO a 


Problems 
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(d) (e) 9 a 


) ® | 4 
oy’ sa Be 
(h) eeu (i) “es 


Me 
(/) (k) Me 0) NO, 
ro 

(m) Me (n) CF; 


2. Arrange the following in order of decreasing reactivity towards an elec- 
trophilic reagent: 


Ph—Cl Ph—Me Ph—OMe Ph—NMe2 


Ph—-NMe,;  Ph-NO, — Ph-CO,Et = Ph-OCOMe 


3. Account for the following observations: 


(i) Iodine is a catalyst for aromatic bromination. 

(ii) The product of the sulfonation of naphthalene depends on the tempera- 
ture of the reaction. 

(iii) 2,6-Dimethylacetanilide is nitrated mainly at the 3-position. 

(iv) Pyrrole is more reactive to electrophiles at the 2- than at the 3-position, 
whereas the opposite holds for indole. 

(v) Nitration of dimethylaniline gives mainly the m-nitro derivative when 
concentrated nitric and sulfuric acids are used but mainly the o- and 
p-nitro derivatives in less acidic conditions. 

(vi) Pyridine-1-oxide is more reactive than pyridine in nitration, and gives 
mainly the 4-nitro derivative. 


4. Outline methods for the synthesis of the following: 


(g) 


() 
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(b) NHp (c) NHp 
cr ~ 0 

Br 
(e) NH (f) NH> 
(h) Me (i) NO, 


o.. 
o of 
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12.1 
Principles 


Nucleophilic aromatic 
substitution 


Although benzene is moderately reactive towards electrophiles, it is inert to 
nucleophiles. However, just as the attachment of a group of —M type to the 
C=C bond in an alkene activates that bond to nucleophiles, so the attachment of 
such a substituent to the benzene ring activates the ring to nucleophiles. For 
example, o- and p-nitrophenol are formed by heating nitrobenzene with pow- 
dered potassium hydroxide: 


NO» NO, NO, 
7 OH 
OH 
women + 
Os Oo: C0 
OH 


The mechanism of this, and most other, nucleophilic aromatic substitutions is 
similar to that of electrophilic aromatic substitutions except that an anionic rather 
than a cationic intermediate is involved. The nucleophile adds to the aromatic 
ring to give a delocalized anion from which a hydride ion is eliminated: 


se 
NO» NO, NO> NO, N NO» 
e wi lN\. ae O . O ra 

H Nu H Nu H Nu H Nu Nu 


It is apparent that the reactivity towards nucleophiles of nitrobenzene com- 
pared with benzene stems from the ability of the nitro group to stabilize the 
anionic intermediate, and hence the preceding transition state, by accommodating 
the negative charge. Further, this delocalization can occur only when the reagent 
adds to the ortho or para position; addition to the meta position gives an adduct 
stabilized by the inductive effect of the nitro group, 


NO, 


oe 


Nu 


NUCLEOPHILIC AROMATIC SUBSTITUTION 


but not the mesomeric effect. Consequently, towards nucleophiles, electron- 
withdrawing substituents are activating and ortho, para-orienting, and conversely 
electron-releasing groups are deactivating and meta-directing. These principles 
are the reverse of those that apply to electrophilic substitution. 

The example of nucleophilic substitution given above involves the displacement 
of hydride ion. This is a relatively high-energy species, and the reaction would 
be unfavourable but for the fact that an oxidizing agent, nitrobenzene itself, 
is present which removes the hydride ion. In doing so, a reduction product, 
azoxybenzene (p. 667), is formed, so that the yield of nitrophenols based on 
nitrobenzene is low. 

It is therefore more satisfactory to carry out nucleophilic substitutions, where 
possible, on aromatic compounds from which a more stable anion than hydride 
can be displaced. Typical leaving groups are halide ions, as in the reaction of p- 
nitrochlorobenzene with hydroxide ion. 


cl Cl. OH OH 

poe ee ae 
NO -_ Nt 

2 re) UNS oO NO, 


Four other mechanisms occur, though less widely, in nucleophilic aromatic 
substitution. The first is an Syl process, so far recognized only for reactions of 
aromatic diazonium ions. When aqueous benzenediazonium chloride is warmed, 
phenol is formed via the phenyl cation. Nuclear-substituted derivatives behave 
similarly. 


z 


itl, 


+ 

N Ho-H OH 
: 

e Ne CO 20 | ce 


The driving force for this reaction resides in the strength of the bonding in the 
nitrogen molecule which makes it a particularly good leaving group. 

The three remaining mechanisms, which have closely defined structural require- 
ments, are described later (sections 12.4, 12.5 and 12.6). 


(i) Substitution in heteroaromatic compounds. The six-membered nitrogen- 
containing heteroaromatic compounds are activated towards nucleophiles. This is 
because the negative charge on the adduct formed by addition of the nucleophile 
to positions ortho or para to nitrogen is stabilized by delocalization onto the 
ey nitrogen atom: 


oo Coke = Cea). . 
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12.2 
Displacement of 
hydride ion 


Consequently pyridine resembles nitrobenzene in undergoing nucleophilic dis- 
placement at the 2- and 4-positions, just as it resembles nitrobenzene in its 
inertness towards electrophiles (p. 359). Similarly, anions such as halide ions can 
be readily displaced from the 2- and 4-positions of pyridine. 

Pyrimidine, as expected, is even more strongly activated than pyridine, substi- 
tution being directed to the 2-, 4-, and 6-positions. Quinoline likewise reacts at 
the 2- and 4-positions, but in isoquinoline, in which both the 1- and 3-positions 
are ortho to the heterocyclic nitrogen, the 1-position is far more reactive than the 
3-position. 


pyrimidine quinoline isoquinoline 

The explanation of the last fact becomes apparent when the structures of the 
adducts formed at the 1- and 3-positions of isoquinoline are examined. The 
activating influence in each case is ascribed mainly to the resonance structures in 
which nitrogen accommodates the negative charge: that for addition to the 1- 
position is benzenoid and is therefore of lower energy than that for addition to the 
3-position, which is not (cf. the discussion of why 2-naphthol directs electrophiles 
to the 1-position, p. 356). 


VQ S 
1-position: N” ik N- 
H Nu H Nu 
H 
O~SeNu 
3-position: x NT 


Benzene is not attacked by any nucleophile and nitrobenzene reacts only with the 
most reactive nucleophiles, such as amide or substituted amide ions, 


NO, NO, 


NPho 
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or less reactive nucleophiles such as hydroxide ion in very vigorous conditions 


(p. 396). 
m-Dinitrobenzene is more strongly activated than nitrobenzene and reacts, for 


example, with cyanide ion: 


NOp NO, 
CN 
CN™ 
-H” 
NO» NO, 


Pyridine in general resembles nitrobenzene save that organometallic reagents, 
which react with the nitro group of nitrobenzene, substitute in the nucleus of 
pyridine. The following are typical reactions, the predominant product being the 
2-derivative. 


PhLi/ PhMe, 110 °C 


Similar reactions occur on quinoline, mainly at the 2-position, and on isoquino- 
line, at the 1-position. 


(a) Halides 


The four halobenzenes are, like alkenyl halides, very inert to nucleophiles in 
normal conditions. They do not react with methoxide ion in methanol or with 
boiling alcoholic silver nitrate, conditions in which alkyl halides react readily. 
Reaction can, however, be brought about in each of two ways. First, very 
vigorous conditions may be employed, as in the formation of phenol by heating 
chlorobenzene with 10% sodium hydroxide solution under pressure at 350°C: in 


12.3 
Displacement of 
other anions 
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these conditions reaction occurs mainly via the benzyne intermediate (section 
12.4). 


OH OH = it 
Phcl Se [POH] «= + = PhO” = PHO 


Second, reactions of halobenzenes with alkoxide ions occur many powers of ten 
faster in dimethyl sulfoxide than in hydroxylic media (p. 65). For example, 
bromobenzene and t-butoxide ion give phenyl t-butyl ether in about 45% yield 


[5]: 


PhBr ee Ph-O-cMe, 


The introduction of substituents of —M type into positions ortho or para 
with respect to the halogen atom considerably increases the ease of nucleophilic 
substitution. The activating effect increases with the number of such substituents 
present, so that a typical order of reactivity of chlorobenzenes is 


p-NO2 < 2,4-dinitro < 2,4,6-trinitro 


In fact, 2,4,6-trinitrochlorobenzene is hydrolyzed by dilute alkali at room 
temperature. 

These reactions are first-order with respect both to the halide and to the 
nucleophile, and in this sense they are analogous to those of aliphatic halides. 
Two differences should be noted. First, displacement on an aromatic halide 
cannot lead to inversion of configuration: the reagent must approach the aromatic 
carbon from the same side as the halide. Second, amongst the aromatic halides 
the usual order of reactivity is fluoride > chloride ~ bromide ~ iodide, whereas 
in the aliphatic series fluorides are the least reactive. 

The reason for the latter difference is that the rate-determining step is the 
addition of the nucleophile to the ring: 


F F OH OH 


£ 


NO +. 
2 -o No NO, 


Fluorine, being the most electronegative of the halogens, is best able to stabilize 
the adduct and hence the preceding transition state. In S,2 reactions on aliphatic 
halides, however, the rate-determining step involves the severance of the C- 
halogen bond and C—F, being the strongest of the four, is the hardest to break. 

Nucleophiles other than hydroxide ion also react with activated aromatic hal- 
ides. Typical examples are the formation of aromatic amines, e.g. 
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cl NRp 


NO, NO, 


and 2,4-dinitrophenylhydrazine, from 2,4-dinitrochlorobenzene (itself obtained 
by the dinitration of chlorobenzene), which is used for the characterization of 
carbonyl! compounds. 


Cl NHNH> 
NO, NO2 


NO» NO, 


2,4-Dinitrofluorobenzene has a special use in ‘marking’ the terminal amino 
group(s) in a protein or polypeptide and was first used by Sanger in his eluci- 
dation of the structure of insulin. The nucleophilic amino group displaces fluoride, 
forming a secondary amine, and hydrolysis of the peptide links then leaves 
the terminal amino acid bonded to the 2,4-dinitrophenyl group. Isolation and 
identification of this derivative indicate the nature of the terminal amino acid. 


R O2N RO 4 NO2 
mo hy te F NO, TE eat 
(@) H 0 q R NO. 
R O- iy WO 
H 30 N 
ee A 
R NO, 


(i) Copper-catalyzed reactions. Aromatic halides which are not activated to 
nucleophilic displacement undergo copper(1)-catalyzed substitution on heating in 
an aprotic solvent such as DMF, e.g. 


CH; CH, 
Br CN 
+  Cu(CN) — + CuBr 
93% 
It is thought that reaction occurs by oxidative addition of the halide to Cu(1) 


followed by the reverse reaction but with cyanide transferring to the aromatic 
ring: 
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Br 

ArBr + Cu(CN) — Ar—Cu — ACN + CuBr 
CN 
(cu!) (cu") 


(b) Oxyanions 


Although phenyl ethers are stable in basic conditions, the introduction of —M 
substituents in the ortho and para positions induces hydrolysis, e.g. 


OMe OH oO 


NO, NO, NO» 


In this respect aromatic ethers resemble esters rather than aliphatic ethers. 
Indeed, the mechanism of reaction of aromatic ethers is entirely analogous to that 
of esters in that in each the addition of hydroxide ion is made possible by the 
presence of an electronegative atom which can accommodate the negative charge. 


Compare 
OMe MeO OH OH 
% 
O OH™ -MeO™ CO 
NO. a 
2 “O° NI o- NO. 
with 


R. ~OMe OH” R_ OMe -MeO™ R yo 


(c) Sulfite ion 


The fusion of aromatic sulfonates with caustic alkali at high temperatures gives 
phenols by displacement of sulfite ion. For example, sodium p-toluenesulfonate 
and a mixture of sodium hydroxide with a little potash (to aid fusion) give p-cresol 
in 65-70% yield at 250-—300°C [1]: 


SO; Na* OH 
+ NaOH —_ O + NaoSO3 
Me Me 


p-cresol 
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Because of the ready availability of aromatic sulfonic acids by direct sulfonation 
(section 11.5), this procedure is useful for the preparation of phenols. For exam- 
ple, 2-naphthol can be obtained by the high-temperature sulfonation of naphtha- 
lene (p. 383) followed by fusion with hydroxide and this provides a method for 
making 2-substituted naphthalenes via the Bucherer reaction (section 12.6). 

There are, however, limitations to the method. At the high temperatures 
necessary for reaction, halogen substituents are themselves labile, so that halo- 
phenols cannot be prepared in this way. Again, a substituent of —M type which is 
meta to the sulfonic acid group activates the ortho and para positions to hydride 
displacement, so that, for example, m-nitrophenol cannot be obtained from m- 
nitrobenzenesulfonic acid. In these instances the phenols are best obtained via the 
corresponding diazonium salt (section 13.3). 


(d) Nitrogen anions 


The nitrite ion may be displaced readily from aromatic nitro compounds if other 
nitro groups are present to activate the nucleus, e.g. 


OH 
NO, 


OH 100°C 


NO> 
NO, 


NHg/ EtOH, 100 °C 


NO, 
-NO2 


When 1,3,5-trinitrobenzene is refluxed in methanol containing methoxide ion, 
3,5-dinitroanisole is formed in 70% yield [1]: 


NO, OMe 
iol MeO” / MeOH el 
O2N No,  N% O,N NO, 

3,5-dinitroanisole 


It should be noted that the three positions which are ortho and para to the nitro 
groups are more strongly activated to the addition of the nucleophile than a 
position containing a nitro group which is meta to the remaining nitro groups. The 
course taken in this reaction is evidently determined by the greater tendency of a 
nitro group to leave as nitrite ion than of a hydrogen to leave as hydride. 
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Amino substituents may be displaced as amide ions. A useful synthetic method 
for secondary amines consists of converting aniline into a tertiary amine, nitrosat- 
ing (p. 380), and heating the nitroso-derivative with alkali. The secondary amines 
produced cannot be contaminated by primary and tertiary amines, as they are 
when prepared from alkyl! halides (p. 302). 


NH, NRe NR2 HO NR, 
Gm Fe § «(2 
NO N. o 
OH oO 
—— + RoN” =, + RoNH 
NO NO 


12.4 
Substitution via 
benzynes (a) Formation of benzynes 


Treatment of chlorobenzene with sodamide in liquid ammonia at —33°C gives 
aniline. A mechanistic study has shown that this reaction is entirely different from 
those nucleophilic substitutions so far described. For example, chlorobenzene 
labelled with '‘C at the position bearing chlorine gives an equimolar mixture of 
unrearranged and rearranged products and this, together with other evidence, 
points to the mediation of a symmetrical species, benzyne, which is formed from 
chlorobenzene by an E2-type elimination and reacts with ammonia to give aniline: 


14 
€ ~NH2 


The ease of this reaction is due to the strong basicity of amide ion. Hydroxide 
ion, which is a much weaker base, reacts with chlorobenzene at about 340°C to 
give phenol via benzyne. Bromobenzene and iodobenzene react similarly to 
chlorobenzene, but fluorobenzene does not give benzyne directly with base, 
differing from the other halobenzenes because of the greater strength of the 
C—F bond. 


14_Cl 14 
Ss | NH3 


— 


we 
H Np 
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There are other methods for generating benzynes. o-Halo-substituted organo- 
metallic compounds readily Jose metal halide to give benzynes, e.g. 


F F Ph 


Li Li 
PhLi/ EtO -LiF SS phi 
“PhH 


The resulting aryl-metal compound may be usefully employed in synthesis, e.g. 


Ph Ph 
Li CO,H 
1) CO2 
2) H* 


Second, ortho disubstituted benzenes from which two stable molecules can be 
formed by elimination give benzynes on thermolysis, e.g. 


N 
iZ 
Ca = iat se 
£0 
u 
oO 
N 
oN heat O + No + SO2 
vy 
aN 
O 


(b) Reactions of benzynes 


Benzynes are too unstable to be isolated and react with any nucleophile which is 
present, e.g. when generated in liquid ammonia they react to give amines and 
when formed from organometallic compounds they react with a second molecule 
of the organometallic compound. 

Another nucleophilic species may be specially introduced into the system. For 
example, the addition of malonic ester to liquid ammonia containing amide ion 
gives the corresponding enolate which reacts with benzyne as it is generated: 


Br CH(COZEt)2 CH(CO2Et)o 
NHS S CH(CO2Et)2 = NHg 
-HBr -NH2 


One disadvantage attendant upon the use of benzynes in synthesis is that the 
nucleophile may react at either end of the triple bond of the benzyne, giving a 
mixture of two products if the benzyne is monosubstituted. For example, p- 


405 
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12.5 
The Sent 


chlorotoluene with hydroxide ion at 340°C gives an approximately equimolar 
mixture of m- and p-cresol: 


cl OH 


Fortunately, directive effects operate in certain cases, e.g. m-aminoanisole is 
the exclusive product from o-chloroanisole with sodamide in liquid ammonia. The 
direction of addition is such that the more stable of the two possible anions is 
formed. 


OMe OMe OMe OMe 
a Neb / NH NH3 = 
cr |. js 
NH, NH, 


In the absence of nucleophiles, benzyne dimerizes to give biphenylene, 


CeO = CeO 
and in the presence of dienes it reacts as a dienophile to give Diels-Alder 


adducts, e.g. 
1@) 


reaction Unactivated halides undergo nucleophilic substitution in a chain reaction involv- 


ing anion radicals in which the initiation step is an electron transfer: 


initiation AX —_— Arx* 
Arx? —_— Ar- + xX 
propagation Are + Nu — ArNu= 


ArNu= + AIX — ArNu + ArX? 


Nucleophiles are typically ketone enolates, amide ion, and thiol anions. Initiation 
is usually either with the solvated electron (sodium in liquid ammonia) or by 


NUCLEOPHILIC AROMATIC SUBSTITUTION 


photochemical excitation in which the nucleophile is the electron donor. The 
similarity of the first two steps to those in the Syl reaction has led to the 
designation Spni (Rk for radicals). 

The solvent is usually liquid ammonia, a strong base being included if necessary 
(for example, for the formation of an enolate). Yields are variable, but the 
method can often be convenient. The third example shows a method for the 
conversion of phenols into amines: 


Arl + PhS” —- ArSPh + I 


O fe) 
Cl 
(Et0),P ~ 
L O KNH> / NH. K* O. 
ArOH 9 Ar7 “OED, ees. ANH + FIOEN, 


12.6 
Bucherer 


Certain phenols react with aqueous ammonium sulfite to give aromatic amines. _ reaction 
Reaction occurs through the sulfite adduct of the keto-tautomer of the phenol, 
e.g. 

HH 


-H,O 


| 
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Problems 


The reaction, named after Bucherer, is limited to those phenols which have a 
tendency to ketonize, such as 1- and 2-naphthol and m-dihydroxybenzene (p. 
13). In the example above, 2-naphthylamine may be obtained in 95% yield by 
carrying out the reaction at 150°C under pressure and, since 2-naphthol may be 
readily obtained from naphthalene by high-temperature sulfonation (p. 383) fol- 
lowed by alkali-fusion (p. 402), this provides a method for obtaining 2-substituted 
naphthalenes via diazotization of 2-naphthylamine (p. 409). 

The Bucherer reaction is reversible, and by careful control of the relative 
amounts of ammonia and water it may be used to convert amines into phenols. 


1. Write the following compounds in order of their decreasing reactivity towards 
hydroxide ion: chlorobenzene; m-nitrochlorobenzene; p-nitrochlorobenzene; 
2,4-dinitrochlorobenzene. 


2. Account for the following: 

(i) Whereas aliphatic fluorides are less easily hydrolyzed than the cor- 
responding chlorides, 2,4-dinitrofluorobenzene is more rapidly hydro- 
lyzed than 2,4-dinitrochlorobenzene. 

(ii) Isoquinoline is more reactive towards nucleophiles at its 1-position 
than at its 3-position. 

(iii) The treatment of o-bromoanisole with sodamide in liquid ammon a 
gives mainly m-aminoanisole. 


3. Give methods for carrying out the following conversions: 

(i) Naphthalene into 2-naphthol. 
(ii) Chlorobenzene into 2,4-dinitrophenylhydrazine. 
(iii) Chlorobenzene into p-chlorophenol. 

(iv) Fluorobenzene into o-butylbenzoic acid. 
(v) Anisole into p-EtO—C,H,—NO,. 

(vi) Pyridine into 2-aminopyridine. 

(vii) Isoquinoline into 1-phenylisoquinoline. 


Aromatic diazonium 
salts 


Primary amines react with nitrous acid in acidic solution to give diazonium ions, 
R-—-N=N. The mechanism of reaction may be summarized as follows: 


HO-NO + H* == H,O-NO == HO + NOt 


R-NH, 2+ oRNHNsg 0 te rNH-NSQ He 


+ 
AannNséy ano ane NSOH, OREN 
The electrophilic nitrosonium ion reacts with the nucleophilic nitrogen of the 
amine, a series of prototropic shifts occurs, and finally water is eliminated. 

This reaction scheme is common to both aliphatic and aromatic amines. How- 
ever, the two groups differ in that aliphatic diazonium ions are too unstable to be 
isolated in the form of salts, decomposing into carbocations and nitrogen, whereas 
aromatic diazonium ions are moderately stable in aqueous solution at low tem- 
peratures when present with anions of low nucleophilic power and may also, in 
suitable cases, be isolated as solids. The difference in behaviour is related to the 
fact that singly bonded carbon more readily tolerates a positive charge than 
unsaturated carbon (p. 78). 

The diazotization of primary aromatic amines is normally carried out by adding 
an aqueous solution of sodium nitrite to a solution (or suspension) of the amine 
hydrochloride in an excess of hydrochloric acid which is cooled by an ice-bath. 
The rate of addition is controlled so that the temperature of the reaction remains 
below about S°C, and addition is continued until the solution just contains an 
excess of nitrous acid. 

Amines which are substituted in the nucleus with electron-attracting groups are 
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13.2 
The reactions of 
diazonium ions 


less easy to diazotize because the nucleophilicity of the amino-nitrogen is reduced 
by the partial withdrawal of the unshared electron pair into the nucleus, e.g. 


+ 
. 6 
+ + 
oso -o°Mso" 
Acetic acid is usually a suitable reaction medium in these instances and even 
2,4,6-trinitroaniline may then be diazotized. 

Most reactions employing diazonium salts may be conducted in solution and it 
is not normally necessary to isolate the solid salt. If necessary, however, two 
procedures may be employed. First, an aqueous solution of the diazonium salt, 
usually the chloride or sulfate, is prepared and treated with fluoroboric acid; the 
insoluble diazonium fluoroborate, ArN}BF;, is precipitated. Second, the amine 


hydrochloride is treated with an organic nitrite and acetic acid in ether: the 
diazonium salt, being insoluble in ether, is precipitated. 


Three types of reaction may be distinguished. 


(a) Reactions of nucleophiles at nitrogen 


Although diazonium ions coexist in solution with stable anions (i.e. those from 
strong acids) such as chloride, less stable anions (i.e. those from weaker acids) 
react to give covalent diazo-compounds, e.g. 


- S Ny 
ar-t=n fon —- — ArN* “CN 
Vv a diazocyanide 
>= A ~ x aN - 
art=n foH = =— = — arn@§on OH ane SO 
ay 


a diazohydroxide a diazotate 


(Note that these products exist in cis and trans forms.) Many of these diazo- 
compounds are unstable and decompose in solution to give aryl radicals (p. 416). 

An important group of nucleophiles that react with diazonium ions consists 
of aromatic nuclei containing powerfully electron-releasing substituents such as 
the —O™ group in a phenoxide ion (section 13.4): 


a + H tautomerizes 
=ij-ar —~ Oo _tautomernizes Ho Ne 
Oy Ne id Xen <p> “N-Ar 


‘Ar 
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(b) The Syl reaction 


Diazonium ions decompose on warming into aryl cations and nitrogen. The aryl 
cation is highly reactive and relatively unselective, being attacked rapidly by any 
nucleophile in its vicinity. Reaction in aqueous solution therefore leads to the 
formation of phenols: 

ArNt - Ne Art 120 Ar—OH, cs lees ArOH 
The formation of aromatic fluorides by the Schiemann procedure (p. 412) also 
occurs by the Syl mechanism. 


(c) One-electron reductions 


Diazonium ions are subject t® one-electron reduction with the formation of an 
aryl radical and nitrogen. 


Arne Se Ar + ND 


Copper(1) ion is frequently used as the one-electron reducing agent. The aryl 
radical is highly reactive and is capable of abstracting a ligand from the transition 
metal ion (Sandmeyer reaction, p. 412) or a hydrogen atom from a covalent bond 
(p. 414). 

The synthetic applications of aromatic diazonium salts are conveniently divided 
into those in which nitrogen is eliminated and those in which it is retained. 


(a) Replacement by hydroxyl 


When a diazonium salt is warmed in water the corresponding phenol is formed by 
the Sxy1 mechanism. The reaction is normally carried out in acidified solution in 
order to preserve the phenol in its unionized form, for otherwise a further 
reaction may occur between diazonium salt and phenoxide ion. 

This procedure for phenols is more elaborate and often gives lower yields than 
that in which the sulfonic acid is fused with alkali (section 12.3c): starting from an 
aromatic hydrocarbon, the former process requires nitration, reduction of nitro to 
amino, diazotization, and hydrolysis, whereas the latter requires only sulfonation 
and alkali-fusion. However, the diazonium method can be used in circumstances 
in which the sulfonate method fails: for example, m-nitrophenol, which cannot be 
obtained from m-nitrobenzenesulfonic acid (p. 403), may be prepared from 
m-nitroaniline in over 80% yield [1]. 


13.3 

Reactions in 
which nitrogen 
is eliminated 
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(b) Replacement by halogens 


The procedures used differ according to the halogen to be introduced. 

Aromatic fluorides are prepared by the Schiemann reaction. An aqueous sol- 
ution of the diazonium salt is treated with fluoroboric acid, precipitating the 
diazonium fluoroborate. This is dried and then heated gently until decomposition 
begins, after which reaction occurs spontaneously. In this way fluorobenzene may 
be obtained from aniline in about 55% yield [2]. The reaction involves the Sy1 
mechanism: 


Ang BF, Mart MPL BF, 20 OE + BF 


In a recent modification, fluorophosphoric is used instead of fluoroboric acid. The 
diazonium fluorophosphates are less soluble than the fluoroborates and give 
better yields of aromatic fluorides when heated at about 165°C: 


AN. P Fe =—- ArF + No + PFs 


Aromatic chlorides and bromides may be obtained in an analogous manner 
from diazonium tetrachloroborates and tetrabromoborates, but, since these com- 
pounds often decompose violently when heated, it is in general safer to employ 
the Sandmeyer reaction. The procedure for chlorides consists of adding a cold 
aqueous solution of the diazonium chloride to a solution of copper(1) chloride in 
hydrochloric acid: a sparingly soluble complex separates which decomposes to the 
ary! chloride on being heated. The reaction involves one-electron reduction of the 
diazonium ion followed by ligand transfer: 


AWN = + CuCle — Ar + No + CuCh 


ar Meu—cl t+ CUT 


Aryl bromides may be prepared similarly from diazonium hydrogen sulfates 
and copper(1) bromide in hydrobromic acid. Typical conversions from the amines 
are between 70 and 80% for p-chlorotoluene and p-bromotoluene [1]. 

Aromatic iodides may be prepared without using a copper(1) salt. An aqueous 
solution of a diazonium salt is treated with potassium iodide and warmed, and the 
iodide is usually formed in good yield. For example, aniline gives about 70% of 
iodobenzene [2]. It was at one time thought that reaction occurs via the aryl 
cation and that the iodide ion is sufficiently nucleophilic, unlike bromide or 
chloride, to compete effectively for the cation with the much larger amount 
of water present. However, there is now evidence that iodide ion, which has 
a similar reducing potential to copper(1), likewise brings about a one-electron 
reduction of the diazonium ion, 


ANT + r —— Ar- + No + I- 


thereby initiating a radical-chain sequence: 
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ANS + Ip —e Aro o+ No + b 


(c) Replacement by cyano 


Aromatic nitriles are obtained in generally good yield by a Sandmeyer procedure 
using copper(1) cyanide in aqueous potassium cyanide solution. For example, p- 
toluidine gives 64-70% of p-tolunitrile [1]: 


+ 
mo \ nr B22 mo \—n3 Banal we—{_\—cn 


(d) Replacement by nitro 


Two general procedures are available for converting a diazonium salt into a nitro- 
compound. 


(1) A neutral solution of the diazonium salt is treated with sodium cobal- 
tinitrite and the resulting diazonium cobaltinitrite is decomposed by aqueous 
sodium nitrite in the presence of copper(I) oxide and copper(t) sulfate. 


NaNO2 __. 3ArNO» + 3N> 


3 AMNS + Co(NOz)g> —= (ArNz )gCo(NOz)—? Cuz0 - CuSO, 


(2) A suspension of the diazonium fluoroborate in water is added to aqueous 
sodium nitrite solution in which copper powder is suspended. For example, p- 
dinitrobenzene may be obtained from p-nitroaniline in about 75% yield [2]. 


ANS BF; + NaNO, —“=  ArNO> + No + NaBFy 


(e)} Replacement by hydrogen 
Two general methods may be used for the conversion ArN3 —> ArH. In the first, 
the diazonium solution is warmed with ethanol: 
ANS CI” + = CoH39OH ——= ArH + No + HCl + CH,CHO 
The reaction almost certainly involves the aryl radical. 


Yields are often low because of the competitive nucleophilic displacement, 


ang ce apt | SO 


ArOEt 
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although when electron-attracting groups are present in the aromatic nucleus the 
Syl heterolysis occurs less readily and the reduction pathway competes more 
effectively. 

Because of this disadvantage, the second method is now more commonly 
chosen. The reducing agent is hypophosphorous acid and reaction occurs at room 
temperature when the competing Syl reaction is much slower. Copper(!) salts 
catalyze the process and a chain-reaction occurs: 


initiation: ArNy + Cut — Ar. + No + Cu 
H “ 
Ar + H-P=O —e ArH + *P=O 
i) 
OH OH 
propagation: 


ANS + O=PH(OH) #2 Are + Ny + HgPO3 + H* 


The ease of removal of an amino group from an aromatic ring by diazotization 
and reduction is of considerable value in synthesis, for the amino group and 
its derivatives are powerfully activating substituents with well-defined orienting 
properties in electrophilic reactions. The group may be introduced in order to 
promote the necessary reactivity and may later be removed. For cxample, 1,3,5- 
tribromobenzene may be made by the bromination of aniline followed by removal 
of the amino group: 


NH, NH> 


Br. Br ee Br Br 
3 Brg 1) diazotization 
pire BB acetic 
-3 HBr 2) H3PO2 


Br Br 


A more elaborate pathway is employed to make m-bromotoluenc. The nitration 
of toluene gives the p-nitro-derivative in about 40% yield. Reduction of nitro to 
amino and the acetylation of amino are nearly quantitative reactions so that p- 
acetamidotoluene is easily available. Since the acetamido group is more strongly 
activating than the methyl group, despite the steric hindrance to reaction at 
its ortho position, bromination occurs largely meta to methyl. Hydrolysis and 
deamination give m-bromotoluene. 


Me Me Me 


Q nitration reduction acetylation 
V————_——e —_—_—_—eE Ct 


NO, NH) 
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Me Me Me 
Se. 1) hydrolysis 
2) deamination 
Br Br 
NHAc NHAc 


Despite the number of steps involved, this process is considerably more efficient 
than the direct bromination of toluene which gives less than 1% of the meta- 
derivative. Similar procedures may be used for preparing other m-haloalkylbenzenes 
(except fluoro compounds) and m-nitroalkylbenzenes. 


(f) Replacement by aliphatic carbon 


Alkenes in which C=C is conjugated to another unsaturated group (e.g. C=C, 
C=O, C=N) react with diazonium salts in the presence of a catalytic amount of 
copper(I) chloride (Meerwein reaction), e.g. 


cucl ee 
ont \-ws oe oy een Ng ieee 


48% 


As in the Sandmeyer reaction, copper(!) reduces the diazonium ion to an aryl 
radical and copper(1) chloride acts as a ligand-transfer agent for the adduct of this 
radical and the alkene: 


ANS CI + CuC! = Ar + No + CuCl 


ci 
ALA, GuCle An A + CuCl 


Ar- + f~ x _—_— 
In some cases, the final step is the loss of hydrogen, e.g. 


PHNS CI” »  ANpp OU [Pro Cucle 


Po. Arph + Ht + Cl + CuCl 


The conjugated unsaturated group serves to stabilize the transition state for the 
addition of the aryl radical (cf. the delocalization of the unpaired electron in the 
ensuing adduct, above), thereby increasing the rate of this reaction compared 
with the competing processes (Sandmeyer reaction and dimerization). 

The aryl radical can also be formed from the diazonium ion with titanium(m) 
chloride. However, because titanium(Iv) is a very weak oxidant, the final step 
consists of reduction by Ti(im) rather than oxidation, 


415 
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3+ . 
ArNs* oe Ar. otk AN M™ X 


Ti” MLA, H20 AR ™ x 


( X= -M substituent ) 


for example [7], 


cl 
TiCl 
a Vw cr + Arcoche, zee ae ee 
2 COCH, 
70% 


The yields in these processes are often low but the method can provide a short 
route to a compound that is not otherwise readily accessible. Yields are improved 
by the presence of electron-releasing groups in the diazonium ion. 


(g) Replacement by aromatic carbon 


A number of procedures lead to the arylation of aromatic carbon by diazonium 
salts. 


(i) Gomberg reaction. A two-phase liquid system consisting of an aqueous 
solution of the diazonium salt and an aromatic liquid, or a solution of an aromatic 
solid in an inert solvent, is treated with aqueous sodium hydroxide. The covalent 
diazohydroxide is formed (ArN{CI- + NaOH —- Ar—N==N—OH + NaCl) 
and gives aryl radicals by a complex mechanism similar to that for reaction of 
diazoacetates, below; these radicals react with the aromatic liquid. Yields are 
never high and are usually less than 40%, e.g. 


35% 


When the aromatic compound is unsymmetrical, arylation gives a mixture of 
products. For example, benzenediazonium chloride reacts with nitrobenzene in 
Gomberg conditions to give a mixture containing all three nitrobiphenyls. The 
reaction is therefore more valuable when benzene itself or a symmetrical para- 
disubstituted benzene is involved. The mechanism of homolytic arylation and the 
factors governing the orientation of the substitution are discussed subsequently 
(section 17.3c). 
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(ii) Diazoacetates. Aromatic diazoacetates decompose to aryl radicals which 
bring about the homolytic arylation of aromatic compounds. The mechanism is 
complex: 


Neyc0Ae ae Ar-N=EN + OAC 


; a LN 
Ar—-NZ=N + “Neyo Se Ar Nay Ory “ar 
f aco” | 
Ke Nay-OH ‘ Nsy-O 4 0 AR + OND 


It is usually more convenient to use an N-nitrosoacylarylamine rather than a 
diazoacetate as the starting material; the former rearranges to a diazoester on 
being heated: 


Ae) /O ™ 
N- , y-0 OCR 
ea; ee Nt OR — ef — 
NE+-R N 
Ar” Y Ar~ Yt Ar? LE Ar? 


The use of either the Gomberg reaction or the diazoacetate method for the for- 
mation of biphenyls is normally less satisfactory than the aroyl peroxide method 
(p. 544). However, when the appropriate peroxide is difficult to obtain the other 
two methods provide practicable alternatives. 


(iii) Pschorr reaction. A convenient synthesis of phenanthrene consists of reac- 
ting o-nitrobenzaldehyde with phenylacetic acid in the presence of acetic anhy- 
dride (Perkin reaction, p. 218), reducing the nitro group to amino, diazotizing, 
treating the diazonium salt with copper powder, and finally decarboxylating. 


CO,H 


CHO aa 
Ac0 
(S-0, : HO &, ei _) 
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2) 2) dlazotization U Nur € S 2) heat heat 
phenanthrene 


This procedure, originally applied by Pschorr to the synthesis of phenanthrene 
and its derivatives, has been extended to forming other aromatic systems, e.g. 
fluorenone may be obtained from 2-aminobenzophenone: 


fluorenone 


(iv) Reduction by copper(1) ammonium ion. The addition of copper(t) am- 
monium hydroxide (obtained by treating copper(i) sulfate in ammonia with 
hydroxylamine) to diazotized anthranilic acid gives diphenic acid in about 90% 


yield: 
COH HO2C CO,H 
Cy st 
diphenic acid 


Reaction probably occurs by one-electron reduction of the diazonium ion fol- 
lowed by dimerization of the resulting aryl radicals. Nucleophilic substitutions of 
the Sandmeyer type which occur in the presence of copper(t) ion may here be 
inhibited because the copper() ion formed is bound as copper(It)-ammonium ion 
so that the ligand-transfer mechanism (p. 412) cannot operate. 

Yields of biaryls are rarely as high as that for diphenic acid. Diazotized o- 
nitroaniline does not couple, and diazotized m-nitroaniline gives 3,3’-dinitro- 
biphenyl in 45% yield. 


(hk) Replacement by other species 

As well as iodide ion, azide ion and several types of sulfur-centred anion 
(RS~, RSS”, EtOC(S)S~) react directly with diazonium salts. For example, 
diazotized anthranilic acid and sodium disulfide give dithiosalicylic acid [2] (Ar = 
o-carboxyphenyl), 


2ArNS CI” + = =NagSp  —= ArSSAr + 2Np + 2NaCi 
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and diazotized m-toluidine and potassium ethyl xanthate give m-tolyl ethyl xan- 
thate, hydrolysis of which gives m-thiocresol in about 70% yield [3] (Ar = m- 
tolyl). 


Ss 
K* shoe S. LOEt 1) KOH 
ArN} Cl ie PALE at Sy 
2 Cl RG Ar v an ArSH 


A radical-chain mechanism has been established for the reaction with PhS~ (cf. 
reaction with I~, p. 412), 


Arn oN 


ArN;* + = PhS” — N* *SPh 

initiation 
Atay ZN. cop — Are + No + = -SPh 
Are + ~~ PhS” — ArSPh* 

propagation 


ArSPh? 4 AMNSS ArSPh + Are + No 


and the other nucleophiles may react by similar pathways. 


13.4 


Reactions in 
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which nitrogen 


The reaction of a nucleophile with the terminal nitrogen of a diazonium ion gives _ is retained 


a covalent azo-compound. In many cases the products are very unstable and 
readily lose nitrogen (e.g. diazohydroxides, p. 416), but two synthetic procedures 
lead to retention of the nitrogen atoms. 


(a) Reduction to arylhydrazines 


Aromatic diazonium ions are reduced by sodium sulfite to arylhydrazines. The 
probable mechanism consists of the reaction of the diazonium ion with a sulfite 
anion to give a covalent azo-sulfite which, having a double bond conjugated to an 
electron-accepting group, adds a second nucleophilic sulfite ion (cf. Michael 
addition, p. 240). Hydrolysis yields the hydrazine. 
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o 
a) ee 
+ " Ary e9 
Ar-N=N“ iS. | en il 
oe “O30 . 
<§- 
" 
16) 
Ar. JN i om Ar. UN LO 
“NZ <s7 tee No “$7 
! t = 
S03 oO SO, 0 
, H 
= + 
H AN Na go2 2H Ary, -NH2 
[i -2S03 H 
SO, 


In this way phenylhydrazine may be obtained from aniline in over 80% yield 
{1}. 

Reduction to arylthydrazines is also brought about by tin(i1) chloride and by 
electrolysis. 


(6) Coupling reactions 


The reactions of diazonium ions with aromatic nuclei are known as coupling 
reactions. Diazonium ions are weakly electrophilic and react, with some excep- 
tions (p. 423), only with those aromatic compounds which are very powerfully 
activated towards electrophiles (cf. the nitrosonium ion, p. 380). These com- 
pounds include amines, phenols, and heterocyclic systems such as pyrrole. 


(i) Amines. Tertiary aromatic amines react with diazonium ions almost exclus- 
ively at the para position. The mechanism is that common to other electrophilic 
aromatic substitutions, i.e. the diazonium ion adds to the aromatic compound and 
a proton is then eliminated: 


°. + + H 
Mesii YY NENA — Medi{_ Khe 
iw 2 ~ 
Ar 
-H* 
pec. liras Ny 
wenn _\— “N-Ar 


Careful control of the pH of the medium is necessary. In strongly alkaline 
conditions the diazonium ion is converted fairly rapidly into the covalent diazohy- 
droxide, whereas in strongly acidic conditions the amine is converted largely into 
its unreactive conjugate acid. A pH in the region 4-10 is satisfactory and a 
sodium acetate buffer is commonly used to maintain suitable conditions. 
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Primary and secondary aromatic amines usually react preferentially with di- 
azonium ions at their nitrogen atoms, just as they do with the nitrosonium ion 
(p. 380). For example, when aniline is only partially diazotized in hydrochloric 
acid, the addition of sodium acetate liberates the remaining aniline from its 
conjugate acid and coupling then occurs to give diazoaminobenzene in about 70% 
yield [2]: 


PhNHst + AcO” —* = PANH, + AcOH 


“Ht H 
PhNHp + PhNS = ——> phNs2§sph 
diazoaminobenzene 


These N-coupled products can be rearranged to C-coupled products by treat- 
ment with mineral acid, e.g. diazoaminobenzene gives p-aminoazobenzene. Reac- 
tion occurs by uncoupling followed by C-coupling: 


H N H* + nw 
pho Ns “Ph os PhNH, + NoPh ara Hn Vn 


Direct C-coupling to primary and secondary amines occurs in two circumstances: 
first, when the diazonium ion is particularly reactive (e.g. p-nitrobenzenediazonium 
ion) and second, in aqueous formic acid solution, which is acidic enough for the 
N-coupled product to rearrange. When the structure and stereochemistry of the 
diazonium ion are suitable, intramolecular N-coupling can occur, for example the 
diazotization of o-phenylenediamine leads directly to benzotriazole in over 75% 
yield (3): 


+ 
NH, N 
Om == fod) + Of 
7 
NH, NH N 


(ii) Phenols. The coupling of diazonium ions with phenols occurs via the 
phenoxide ions which are considerably more strongly activated to electrophiles 
than phenols themselves (p. 349). It is therefore necessary to carry out the 
reaction in alkaline solution and precautions must be taken to prevent the con- 
version of the diazonium ion into the diazohydroxide. The optimum pH for 
coupling is about 9-10 but it is normally satisfactory to add an acidic solution of 
the aqueous diazonium salt to a solution of the phenol in sufficient alkali to 
neutralize the acid formed and to maintain suitable alkalinity: coupling occurs 
rapidly enough to prevent significant destruction of the diazonium ion. 

The mechanism of coupling with phenoxide ions is analogous to that with 
amines and reaction is similarly directed mainly to the para positon, e.g. 
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= H HW 7 
BLY7 WV nti-av —- cab oe a ot Nn 
v “Ar 


When the para position is already substituted, ortho coupling occurs, e.g. 


? H. Ph 
0” “N* 

i 

N 


+ PhNtS —> 


Me Me 


These ortho-azophenols are much weaker acids than their para-isomers because 
the unionized form is stabilized relative to the ionized form by chelation involving 
the hydroxylic proton. Use is made of this property in detecting primary aromatic 
amines: the compound is treated with hydrochloric acid and sodium nitrite and 
the resulting solution is poured into an alkaline solution of 2-naphthol. Primary 
aromatic amines form diazonium ions which couple in the 1-position of the 2- 
naphtholate (p. 356) to give red azophenols which are insoluble in the alkaline 
medium. 


(iii) Enols. Although alkenes do not react with diazonium ions, enols, in which 
the hydroxylic oxygen activates the double bond to electrophiles (p. 85), do so. 
Reaction occurs more readily in alkaline conditions since the enolate anion is 
more reactive than the enol. 

A typical example is the reaction of acetoacetic ester with benzenediazonium 
chloride, in a sodium acetate buffer: 


o> é : 
ee CO,Et 
ay : tautomerizes _ CO,Et 
N = My tau 
S No 
cr sa NHPh 
Ph 


When the carbon atom at which coupling occurs does not possess a hydrogen 
atom so that the final prototropic shift cannot occur, the initial product readily 
undergoes C—C bond fission to give an arylhydrazone (Japp-Klingemann reac- 
tion), €.g. 
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o> ce) oO 
“Ke Aye OH™ ‘i aie 
v4 
N Ns N S 
II] NPh ~NPh 
Gut 
Ph 
CO,Et 
ee CH COM +f 
-OH N 
~“NHPh 


As expected for a reaction involving an enol, carbonyl-containing compounds 
react both in the normal way and in the Japp-Klingemann manner with decreasing 
ease as they become decreasingly enolic, for example acetophenone and its 
derivatives do not couple with diazonium ions. As usual, however, intramolecular 
reactions occur more readily than the intermolecular analogues if the stereo- 
chemistry is suitable, e.g. diazotization of o-aminoacetophenone leads to 4- 
hydroxycinnoline: 


H 
10) ) 
COCH, i 
HNO>- H CH a CH, 
+ + 
NH, Ns \ 
SN OSN 
O OH 
ee tautomerizes oe 
N 7 N Zc N 
4-hydroxycinnoline 


(iv) Pyrroles. Pyrrole, whose reactivity towards electrophiles is comparable 
with that of phenol (p. 358), couples with diazonium salts maiinly in the 2-position: 


t\ Pry a ee U*'V0 on 
‘i + 2 N7>N7 Nar 
H H 


If the 2- and 5-positions are substituted, coupling occurs at the 3-position. 


(v) Less activated aromatic nuclei. Nuclei which are less activated to elec- 
trophiles than those of phenoxide ions and aromatic amines do not couple with 
benzenediazonium ion. The introduction of an electron-attracting substituent into 
the diazonium ion increases the electrophilicity of this ion and less reactive nuclei 
then couple. For example, 2,4-dinitrobenzenediazonium ion is reactive enough to 
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couple with anisole and 2,4,6-trinitrobenzenediazonium ion couples even with 
mesitylene: 


N Me NO, 
O2 ut Me 
+ a 
N=N + Me ——~ ON N 
on © : ‘N Me 
NO. 
NO» Me 2 Me’ 


13.5 

The synthetic 

value of 
diazo-coupling (a) Dye-stuffs 


Aromatic azo-compounds are all strongly coloured (e.g. azobenzene is orange- 
red, Amax 448nm) and many of those prepared by the coupling reaction are used 
as dye-stuffs. Three classes of dye may be distinguished. 


(1) Neutral azo-compounds are used as azoic combination (or ingrain) dyes, 
that is, they are formed in situ in the fibre. An example is para red, from 2- 
naphthol and p-nitrobenzenediazonium ion: 


NO, 
iN 
N 

oO A OH 
ie — OC 
para red 


(2) Azo-compounds which contain either a sulfonic acid group or an amino 
group are adsorbed directly onto the fibre from aqueous solution. Examples are 
orange II, an acidic dye, and Bismarck brown R, a basic dye: 


$O3H 
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Me HN 
Me Me N 
NH nt “N Me 
2 ; + ele NHa 
Now 
NH, No 
HN NH, 
Me 


Bismarck brown R 


(3) Azo-compounds which contain groups capable of chelation with a metal 
ion are used as mordant dyes: the metal ion is adsorbed on the fibre and binds the 
dye-stuff. An example is alizarin yellow R, which forms chelates by means of its 
phenolic and carboxyl groups. Aluminium and chromium oxides are commonly 
used as mordants. 


; ie 

OH No OH Oo” ~O 
CO3H CO2H 
Ce =o 
NO Ny s 
P oN Ny N 

NO, NO, 

alizarin 

yellow R 


(b) Indicators 


Azo-compounds which contain both an acidic and a basic group may be used 
as indicators since the colours of the conjugate base and the conjugate acid 
are invariably different. Examples are methyl red, made from diazotized anthra- 
nilic acid and dimethylaniline in about 64% yield [1], and methy! orange, from 
diazotized sulfanilic acid and dimethylaniline. 


a a N? N 
NMes 


methyl red methyl orange 
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(c) Synthesis of amines 


Azo-compounds are susceptible to hydrogenolysis, giving amines. Sodium dithi- 
onite is usually employed as the reducing agent but catalytic methods may be 
used. For example, 4-amino-i-naphthol is obtained in about 70% yield from 1- 
naphthol by coupling with benzenediazonium chloride followed by reduction with 
dithionite [1]: 


om OH OH 
= OO = OO: mm 
Ny NH 
“N 2 
Ph 


Aliphatic amines may be obtained similarly by coupling to an enol followed by 
reduction. 

This method for preparing amines has the advantage of occurring in mild 
conditions and it is therefore of value in some cases as an alternative to the 
normal method for making aromatic amines, by nitration followed by reduction, 
which involves vigorous and strongly oxidizing conditions. An example occurs in a 
synthesis of adenine (p. 722). 


Ht “os 
PANS + CHA(CN)) Ph~ Nonny 7 arn 
HN. LN HN. oN 
a T H,- Raney Ni a 7 
Ns, AN SUN 
pr ON se 
NH, NH, 


(d) Synthesis of quinones 


The ortho and para diamines and aminophenols are readily oxidized to quinones. 
Both classes of compound are available by diazo-coupling followed by reduction, 
providing a useful route to quinones, e.g. 
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NH, fe) 


OH oO 
Na2S204 ie oe FeCig Cc} ee 


1. Outline routes to the following compounds which employ diazonium salts, Problems 
starting with any monosubstituted benzene: 


(a) Cl (b) Br (c) 


QO, 


CN 
(e) OH (f) 


6 
F 
(d) Me NO, 
& & 
NO, 
é (h) | | (i) Me 
cl : < 
(/) NHNH, (k) (2) Br 
Q O wel Br 
OMe OH 
(m) NO> (n) Me (0) F 
si: “oy 
Br 4 ~COH 


(q) ON — 


(p) DOO rY rs 


(g) 


428 PRINCIPLES OF ORGANIC SYNTHESIS 


va 


How would you obtain the following compounds? 


(7) 9 9 (b) 


A it 
NNHPh ee 


Oo 
Cl 


©) wear{ Yn -s000 (a) (\ \ C4 


Account for the following observations: 
(i) Although NN-dimethylaniline couples with benzenediazonium chloride, 

its 2,6-dimethyl derivative does not. 

(ii) 2,4-Dinitrobenzenediazonium chloride couples with anisole, although 
benzenediazonium chloride does not. 

(iii) When p-chloroaniline is diazotized with sodium nitrite and hydrobromic 
acid, the resulting diazonium salt solution couples with NN-dimethyl- 
aniline to give largely 4-bromo-4’-dimethylaminoazobenzene. 


Molecular 
rearrangements 


Although in the majority of reactions of organic compounds the basic skeleton of 
the molecule remains intact, there are many in which a skeletal rearrangement 
occurs. Some of these processes are of value in synthesis and the main emphasis 
in this chapter will be on this aspect of rearrangements. In addition, however, 
rearrangements can be a disadvantage if they occur during the course of oper- 
ations designed only to effect other changes of functionality, so that it is import- 
ant to be familiar with the structural features and reaction conditions which lead 
to rearrangement. 

Rearrangements are of two types: intramolecular processes in which the group 
which migrates does not become completely detached from the system in which 
rearrangement is occurring, and intermolecular processes, in which the migrating 
group is first detached and later re-attached at another site. The latter group may 
be regarded as elimination—addition processes and, except in the aromatic series, 
will not be discussed here; examples include the prototropic and anionotropic 
shifts which have been discussed earlier, e.g. 


OH OH 


Intramolecular rearrangements are conveniently subdivided into those which 
occur in electron-deficient systems and those which occur in electron-rich systems. 
Rearrangements of free radicals are also known and are discussed separately 
(p. 528): they have little synthetic value. Rearrangements within aromatic nuclei 
are grouped together in the final section. 


These reactions are classified according to the nature of the group which migrates. 


14 


14.1 
Types of 
rearrangement 


14.2 
Rearrangement 
to electron- 
deficient carbon 
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(a) Carbon migration 


(i) Wagner-Meerwein rearrangement. One of the simplest systems within 
which carbon migrates, with its bonding-pair, to an electron-deficient carbon atom 
is the neopentyl cation: 


Me Me 
a a wH Mess ot 
Me H bias H 


All reactions which give rise to this ion give products derived from the rearranged 
ion, e.g. 


Me o Me i. Me Me 
Me am ia A Me +- CH, —_— ye 
Me Br Me Me 


Me Me OEt 
— wee ~ wee 


The driving force for the rearrangement resides in the greater stability of a 
tertiary than a primary carbocation. 

In alicyclic systems, the relief of strain can provide a powerful driving force for 
rearrangement. For example, the addition of hydrogen chloride to a-pinene gives 
the rearranged product, isoborny!l chloride: the strained four-membered ring in 
the carbocation expands to the less strained five-membered analogue, despite the 
fact that the former contains a tertiary and the latter a secondary carbocation. 


fe A 


isobornyl chloride 
o-pinene 


The other principal features of these migrations are as follows. 


1. The carbocation may be generated in a variety of ways. 


(1) From a halide, by using a strongly ionizing solvent or by adding a Lewis 
acid such as silver ion, which aids carbocation formation by abstracting the halide: 


Me Me, 
Me—. + Agt —= Me->-CH, 4 Ag! 
Mé CI Me 


(2) From an alcohol, by treatment with acid to promote heterolysis: 
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Me + Me Me 
H oy + 
Me—)— = Me-—, B22 Me~)—CH, 
Me OH Me GOH Me 


(3) From an amine, by treatment with nitrous acid: reaction occurs via the 
aliphatic diazonium ion from which molecular nitrogen is rapidly lost, 


Me tae Me re Me 4 
Me~)—  NCa Me} Ee Me-}-CH, 
Me NH, Me (CN Me 
\ 
N 
(4) From an alkene by protonation, e.g. 
Me + Me 
Me>— HL Me--)>—< 
Me \ Me CH 


2. Hydrogen can also migrate in these systems. For example, reactions which 
occur through the isobutyl cation yield mainly products derived from the t-butyl 
cation: 


H Me 
Me Cl te wot 


A typical example of a hydride shift occurs in the reaction of a primary aliphatic 
amine with nitrous acid, e.g. 


+ 
Mey. ee MeN “Ne Me. CH, 
2 Sy 
H - shift Me. Me 20 ne Me i Me. 7 
+ -Ht OH 


3. Aryl groups have a far greater migratory aptitude than alkyl groups or 
hydrogen. For example, the chloride below undergoes solvolysis with rearrange- 
ment many thousands of times faster than neopentyl chloride in the same con- 
ditions. This is ascribed to the fact that, whereas the rate-determining step in 
the reaction of neopentyl chloride is the formation of the high-energy primary 
carbocation, that in the reaction of the phenyl-substituted chloride is the for- 
mation of a lower-energy bridged phenonium ion: 


431 


432 


PRINCIPLES OF ORGANIC SYNTHESIS 


The aryl group is said to provide anchimeric assistance to the reaction. 

The phenonium ion is similar in structure to the intermediate in an electrophilic 
aromatic substitution and understandably, therefore, electron-releasing groups in 
the aromatic ring (e.g. p-OCHs) give rise to greater rates of migration and 
electron-attracting groups (e.g. p-Cl) to lower rates. 

It should be noted, however, that the enormously greater tendency for rear- 
rangement of aryl groups than of alkyl groups or hydrogen does not apply to 
deaminations. For example, the treatment of 3-phenyl-2-butylamine with nitrous 
acid in acetic acid gives comparable amounts of the acetates derived from the 
migration of phenyl, methyl, and hydrogen, 


Ph Me Me. Ph Ph Me Ph H 
H-—CH  ANOe AcOH HEH + HEH + MeSH 
Mé —-NHp AcO Me AcO Me AcO Me 


whereas the solvolysis of the corresponding tosylate in acetic acid gives only the 
product derived from the migration of phenyl, CH;CH(OAc)—-CHMePh. This is 
because the tendency for nitrogen to depart from the diazonium ion is so great 
that anchimeric assistance is not required in order to help to ‘push off’ the leaving 


group. 


4. The rearrangement is stereospecific: the migrating group approaches the 
electron-deficient carbon atom from the direction opposite to that in which the 
departing group is moving, just as in the Sy2 reaction. Inversion of configuration 
therefore occurs at the electron-deficient carbon. This stereospecific requirement 
of the reaction, together with the anti-stereospecificity of E2 eliminations (p. 160), 
has significant consequences in alicyclic chemistry. For example, the treatment of 
cyclohexanol in acidic dehydrating conditions results in elimination; reaction 
occurs on the conformational isomer in which hydrogen is anti to the axial 
hydroxyl: 


+ 
COH2 


Aces. <= Pa, -~ O 
H 


However, in the trans-decalin derivative below, the hydroxy! group is held in the 
equatorial position because the ring system cannot flap (p. 158). In this situation 
there is no hydrogen anti to the hydroxyl, but two of the ring carbon atoms are in 
the appropriate anti position for rearrangement and, in the presence of acid, ring 
contraction takes place:* 


* Of the two carbon atoms which might migrate, that one does so which leaves behind the more stable 
carbocation. 
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H* + 
Loe id Bet = i LETT — 
Vv [KH 
“HY 
+ —e 
V4 
H 


Particular attention must be paid to the possibility of rearrangements such as 
this in transformations involving steroids and terpenes which contain decalin 
systems. 


5. Rearrangements in bicyclic systems are particularly common, as in the con- 
version of camphene hydrochloride into isobornyl chloride, catalyzed by Lewis 
acids. Note that the final uptake of chloride ion also occurs with inversion, 
illustrating another general feature of these rearrangements. 


cl" 
As SC ces og 
NCl4 ict 
PrN of 
isobornyl chloride 


6. Two or more rearrangements may occur successively. A spectacular illus- 
tration of this is the conversion, 


in which five 1,2-shifts take place, three of hydride and two of methyl groups. 


(ii) Pinacol rearrangement. The treatment of 1,2-diols (pinacols) with acid 
leads to rearrangement, e.g. 


Me Me + Me Me Me Me » Me Me 
H 4 
Me~)>—t-Me <== Me+— ;Me _— ay" Me male )—+Me 
HO OH HO: 2 GOH, HO Me O Me 
pinacolone 


The pinacol rearrangement, although fundamentally similar to the Wagner- 
Meerwein rearrangement, differs in that the rearranged ion, the conjugate acid of 
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a ketone, is relatively more stable than the rearranged carbocations formed in the 
Wagner—Meerwein reaction. Consequently, the driving force for the rearrange- 
ment of pinacols is much greater: whereas alcohols, other than those with the 
special structural features discussed above, can usually be dehydrated by acids 
without the occurrence of rearrangement, pinacols normally rearrange in pref- 
erence to undergoing simple dehydration. 

Pinacols are readily obtained by the one-electron reduction of carbonyl- 
containing compounds (p. 656) so that the pinacol rearrangement is synthetically 
useful. For example, pinacolone (methyl t-butyl ketone) can be obtained in about 
70% yield by the distillation of a mixture of pinacol hydrate and sulfuric acid [1]. 
However, the distillation of a mixture of pinacol and aqueous hydrobromic acid 
gives mainly the dehydration product, 2,3-dimethyl-1,3-butadiene [3]: 


Me Me eg 
Me >—tMe —_———_ )—K 
HO OH oe 


The characteristics of the Wagner—-Meerwein rearrangement apply also to the 
pinacol rearrangement: 


(1) Alkyl and aryl groups and hydrogen migrate. 

(2) The migratory aptitude of an aryl group is much greater than that of alkyl 
or hydrogen, and amongst aryl groups the migratory aptitude increases as the 
aromatic nucleus is made increasingly electron-rich (e.g. p-chlorophenyl < phenyl 
< p-tolyl < p-methoxyphenyl), e.g. 


Tol Tol Ph. Tol Tol Tol 
H2S04 
Ph>—C pn Su yt + EP 
HO OH O Ph O Ph 
94% 6% 
(Tol = poly!) 


(3) The reaction occurs in an anti manner. 


There is a further factor which does not apply to the Wagner—Meerwein 
reaction: of the two possible hydroxyl groups which are available as leaving 
groups, that one departs which leaves behind the more stable carbocation. This 
factor takes precedence over the migratory-aptitude factor, e.g. rearrangement of 
1,1-dimethyl-2,2-diphenyl glycol leads to 3,3-diphenyl-2-butanone, by migration 
of methyl rather than phenyl: 


Ph Me + Ph Me + Me Me 
H + H 
Ph—{Me ae ee t+ Ph} 
H. 
HO OH 20 Ph OH py oO 


The requirement that the migrating group be anti to the leaving group 
has important consequences in alicyclic systems. For example, cis-1,2-dimethyl- 
cyclohexane-1 ,2-diol undergoes a methyl shift to give 2,2-dimethylcyclohexanone, 
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whereas the trans-isomer undergoes ring contraction to give a cyclopentane 
derivative: 


cou 2 Me 
Me “Ht Me 
Ce =o 
Me . : 
Me (@) 
Sy 
OH 2 +t Me 
OH — Me 
Me 


In addition to 1,2-diols, B-hydroxyhalides undergo rearrangement in the pres- 
ence of Lewis acids, and B-aminoalcohols undergo rearrangement, via the di- 
azonium ion, on treatment with nitrous acid. 


R' RR 
ag Ag* ace 


A synthesis of cycloheptanone illustrates the use of the latter process. The 
appropriate f-aminoalcohol is obtained from cyclohexanone by base-catalyzed 
reaction with nitromethane (p. 222), followed by reduction of the nitro group 
(p. 666), and treatment with sodium nitrite in acetic acid gives cycloheptanone in 
40% overall yield [4], 


6) HO —NO, HO —NH, ‘1 
MeNO, reduction HNO, - H* 
EtO™ 


By converting a 1,2-diol into its monotosylate, base-catalyzed rearrangement 
can be brought about. Since the ease of formation of tosylates decreases in 
the order primary > secondary > tertiary, this provides a means of effecting 
rearrangement in the opposite direction from the acid-catalyzed reaction. For 
example, in the diol below, acid-catalyzed rearrangement occurs with migration of 
R’, since the tertiary carbocation is formed more readily, whereas in the base- 
catalyzed process it is R that migrates: 


i i TsCl i base . ‘aan i TsO” R R 
R~)—CH ——e R-}—CH —- R: HO Se y—E-R’ 
HO }=60OH OTT © Cots Oo 4H 


(iii) Benzilic acid rearrangement. a-Diketones undergo a rearrangement when 
treated with hydroxide ion, giving a-hydroxyacids. The best known example is the 
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conversion of benzil into benzilic acid; the driving force for the reaction lies in the 
removal of the product by ionization of the carboxyl group. 


O HO Ph 


OH" ~My Ph HO Ph 
pA = oy = yo 
0 G 0 (0) Ph 


Ph : Ph 
H20 a 
s2- Hoon 2  -oc—Con 
Ph Ph 


Ketones which contain a~-C—H bonds usually undergo base-catalyzed reactions 
in preference to rearrangement, although ketipic acid gives citric acid: 


Oo 
Hoc. AA 0H" HO,C COH 
1 CO 2H 2) H* 2 a ae 2 


HO CO.H 
ketipic acid Citric acid 


Aromatic a-diketones are normally prepared by the oxidation of the a- 
hydroxyketones obtained by the benzoin reaction (p. 246), and benzilic acids may 
be synthesized directly from benzoins by combining the oxidation and rearrange- 
ment reactions. For example, the treatment of benzoin itself with sodium bromate 
and sodium hydroxide gives benzilic acid in up to 90% yield [1]. 


(iv) Rearrangements involving diazomethane. Diazomethane takes part in two 
types of reaction which lead, as the result of rearrangement, to the insertion of a 
methylene group into a chain of carbon atoms. In each, it acts first as a carbon 


nucleophile (CH, =N=N cd CH,—N==N), giving a derivative from which 
nitrogen is readily lost. 


1. Aldehydes and ketones are converted into the next highest homologue: 
R aig oO 
CHoN Oo) N ; 
: Ag oi aes IN se : AR 


The migration step is similar to that in the pinacol reaction: the movement of R 
may be visualized as being brought about by the combination of the ‘pull’ from 
nitrogen and the ‘push’ from the oxyanion. Two disadvantages attend the use of 
this procedure in synthesis. First, unsymmetrical ketones give a mixture of two 
products and second, an epoxide is formed as a by-product and in some cases as 
the main product: 
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o"* rR. 2 

RS aeNo+ SA 

R Gn R 
* 


Nevertheless, the reaction in some cases gives practicable yields, in one step, of 
difficultly accessible compounds, e.g. cyclohexanone gives a 33-36% yield of 
cycloheptanone [4]. The diazomethane may be generated in situ by treating N- 
methyl-N-nitrosotoluene-p-sulfonamide with base.* A special example is the reac- 
tion of diazomethane with ketene to give cyclopropanone: 


: fo) 
fo) N 
+F -N. 
Hc=c=0 «= Stee i? mae J 
HC ed YY 


The reaction must be carried out at very low temperatures because of the high 
reactivity of cyclopropanone. An excess of ketene must also be used, for other- 
wise the cyclopropanone reacts with diazomethane to form cyclobutanone. 


2. The reaction of diazomethane with an acid chloride gives a diazoketone' 
which, on being heated in the presence of silver oxide, undergoes the Wolff 
rearrangement to give a ketene: 


R__Cl CH.N R + Ho ORLA — 
a nak an 


Oo ce) N oO N 
R 
R iS + -N \ 
YECNS ee pon 
16) N H 


When the rearrangement is carried out in the presence of water or an alcohol, the 
ketene is converted directly into an acid or ester: 


‘oxczo + HO = RCO 


* A probable reaction path is: 


TENA — Tog 0, OHM on —  Tol..-O + CHeN, + HO 
IN IN . VIN 
0° dS ome) 


'The acid chloride is added to an excess of diazomethane to minimize the formation of the alternative 
product, RCOCH,Ct. 
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C=C=0O + ROH —— R£0,R' 


The overall process (Arndt—Eistert synthesis) provides a method for the con- 
version of an acid RCO>H into the homologue RCH,CO.H in three stages. Total 
yields are normally good (c. 50-80%). 


(v) Rearrangement of alkanes. Saturated carbon chains undergo skeletal rear- 
rangements when treated with a Lewis acid in the presence of a catalytic quantity 
of an organic halide. The products are equilibrium mixtures of all the possible 
isomeric compounds, e.g. 


m~ AICis (RCI) oe 
150°C 
Ca. 20% ca. 80% 


The rearrangement occurs by way of a carbocation, formed from the halide, 
which abstracts hydride ion from the alkane: 


RC] + AC == Ry + ACL 


Rt 
H 


ve = AQMe = pe oh. pa 


It is to be noted that the predominant product may be derived from the least 
stable carbocation: in the above example, isobutane is formed following the 
rearrangement of a secondary to a primary carbocation. This is the converse 
of the direction of rearrangement in the reactions previously discussed. The 
underlying basis is that whereas the latter reactions are kinetically controlled (the 
carbocation formed by rearrangement reacts almost immediately with a nucleo- 
phile), the former are thermodynamically controlled. Virtually no nucleophile is 
present, for only a trace of organic halide is added so that the concentration of 
nucleophilic AICI; is negligible, and the reactions are freely reversible. Therefore 
the relative proportions of the alkanes alter gradually until they reach values 
determined by the relative free energies of the compounds. 

Since the relative free energies of isomeric acyclic hydrocarbons differ little, a 
complex mixture of products is likely to be obtained by this process. Amongst ali- 
cyclic compounds, however, there are greater differences in relative free energies 
because of the occurrence of strain in ring systems. For example, the isomerization 
of methylcyclopentane gives cyclohexane but no ethyl- or dimethylcyclobutane. 


‘ AICI, (RCI) Ss 


12.5% 87.5% (25°C) 
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A novel application of this rearrangement is the formation of adamantane in 


15% yield by treatment of the reduction product of the readily available dimer of 
cyclopentadiene (p. 273) with aluminium trichloride at 150-180°C: 


- AICI 
Hy - PtO2 AV 


adamantane 


Adamantane is the most stable of the saturated hydrocarbons of molecular 
formula Croc. 


(b) Halogen, oxygen, sulfur, and nitrogen migration 


An atom, X, with an unshared pair of electrons, in the system X—-C—C--Y, 
can assist the heterolysis of the C—Y bond in the same way as a phenyl group: 


<+ 


In a symmetrical case, such as the solvolysis of Et—-S—CH,CH,CI, no rear- 
rangement occurs because nucleophilic attack at either carbon atom of the bridged 
ion leads to the same product as would be formed in the absence of neighbouring- 
group participation. In unsymmetrical cases, however, nucleophilic attack at the 
less highly substituted carbon of the bridged ion predominates (cf. the opening of 
epoxides, p. 590), and a rearranged skeleton can result: 


Se foe 
R Gy R ~ Y2 
Nu" 
Co 7 
Qe | se 
ON xo 
“ey ev 
a - 
: \ 
R Nu 
The following are typical examples: 
Me 
+ 
MeQ Me iat H 2 Me H OMe 
9 HO 
Hy—¢Me age OX = Me Me 
Me Br Me Me HO Me 
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Me 
Me SMe aay st cr MeS 
% H MOG ‘aa e cl 
fer Cl 
- Cl 

ee Ny daa es 

N Ni NY N 

/N\ fl | 
H Me Me Me Me 


The bridged cation may be generated by protonation of an unsaturated bond as 
in the Rupe rearrangement of a-acetylenic alcohols, e.g. 


A neighbouring acetoxy group assists solvolysis by forming a five-membered 
acetoxonium ion: 


Me Me Me Me 
oo BE SOROS as oS —~ oO 
GY 


The cyclic ion is then opened by reaction with a nucleophile. Reaction with water 
occurs at the acetoxy-carbon atom to yield ultimately a cis-hydroxyacetate, 
whereas reaction with acetate ion occurs at alkyl carbon in the Sy2 manner to 
yield a trans-diacetate*: 


fee AO es L 
oo Ht rome) Ht o°CbH HOF NO OOH 
at > alc y Gt at ae: 
Je 
oO MeCOO 
O_o 
{ OCOMe 
“OCOMe 


* It is probable that acetate ion reacts faster at the cationic centre, but reversibly, whereas reaction of 
water there is rendered irreversible by the subsequent proton loss and bond cleavage. 
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Procedures for making cis- and ¢trans-diols are based on the principle of 
acetoxonium-ion participation (p. 592). 
Acetoxonium-ion participation can affect both rates and stereochemistry. For 
example, trans-2-acetoxycyclohexyl tosylate solvolyzes in acetic acid about one- 
thousand times faster than its cis-isomer because its acetoxy group is ideally 
placed in the diaxial conformer to assist the departure of the tosylate: reaction of 
the cyclic ion with acetic acid gives product with retained stereochemistry: 
H.UCOMe 
OTs C 
S 
on SS = —~ Lr 
oO 
OCOMe on 6 | 
Me Me 
OCOMe 
“Ht a 
ee OCOMe 
Solvolysis of the cis-compound is not kinetically assisted, but after departure of 
the tosylate the same acetoxonium ion can be formed and the product is therefore 
again the trans-diacetate. 
14.3 
Rearrangement 
to electron- 
deficient 
(a) The Hofmann, Curtius, Schmidt, and Lossen rearrangements nitrogen 


There is a group of closely related rearrangements in which carbon migrates from 
carbon to nitrogen. They may be formulated generally as, 

A i 

a ee 

& 0% 

where R is an alkyl or aryl group and —X is a leaving group which may be —Br 
+ , 

(Hofmann rearrangement), -—-N==N (Curtius and Schmidt rearrangements), 
and —OCOR (Lossen rearrangement). In each case, if the alkyl carbon which 
migrates is asymmetric, it retains its configuration. 


(2) Hofmann rearrangement. A carboxylic acid amide is treated with sodium 
hypobromite, or bromine in alkali. The N-bromo-amide is formed and reacts with 
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the base to give its conjugate base within which rearrangement occurs. The 
isocyanate which is produced may be isolated in anhydrous conditions, but reaction 
is normally carried out in aqueous or alcoholic solution in which the isocyanate is 
converted into an amine or a urethane, respectively. 


H 
R NH R N 
Bg 2 + Br — YY Bro+ HBr 
0 Oo 
i R_ ON RUN 
OH™ x 
BN Br = a ~Br — bi oa Br 
(e) (e) roy 
RNH2 + CO2 
-Br7 | 
oe H 
R'OH r 
ae Gd 
re) 


This rearrangement provides an efficient route for making both aliphatic and 
aromatic primary amines. For example, B-alanine can be obtained in about 45% 
yield by treating succinimide with bromine and aqueous potassium hydroxide [2]; 
reaction occurs through the half-amide of succinic acid. 


9) fe) 
OH” Br - KOH NH, 
NH wn oo C . 


f-alanine 


Anthranilic acid (c. 85%) may be obtained in a similar way from phthalimide: 


oe) 
NH, 
i Bro - KOH CL 
co; 
ie) 


anthranilic acid 


A useful example of the reaction is the preparation of B-aminopyridine (65- 
70%) [4] from nicotinamide (available from natural sources), for this cannot be 
obtained in good yield via the nitration of pyridine (p. 379). 


NH: 
co ae (Tl 
s nZ 
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(ii) Curtius rearrangement. Acid azides* decompose on being heated to give 
isocyanates: 


R 
| 
R Na+ R SN + N N 
SNo- 0 wee ZN See 2 
y wN & SN o% 


The isocyanate may be isolated by carrying out the reaction in an aprotic solvent 
such as chloroform but it is customary to use an alcoholic solvent with which the 
isocyanate reacts to form a urethane. Acid hydrolysis gives the corresponding 
amine. 


H 
R'OH UN. LOR _Hs0 N LOH} 0.  RNH, 


The Curtius rearrangement has been applied to the synthesis of a-amino acids, 
e.g. 


H 
. Eto. 7 UN : 
EI0,c~>co,e OL S003 Sse HN“ CO; 
oO oO 
HNO, <N Yoon HCt- EtOH HN~ ~CO,H 


(iii) Schmidt reaction. Carboxylic acids react with hydrazoic acid in the presence 
of concentrated sulfuric acid to give isocyanates directly. Reaction occurs through 
the acid azide, but in the strongly acid conditions this is present as its conjugate 
acid from which nitrogen is lost without heating. 


R. OH HS, R_ OH N=N=NH RNs 
TY —— YY. Tao. Sa 
fe) HO HO OH 


* Acid azides are readily prepared from acid chlorides by treatment with sodium azide, 
R_ Cl NaN3 R._UNg 
T -NaCl T 
O oO 
and from esters by treatment with hydrazine followed by nitrous acid, 
H 


R_ LOEt NoHy R. UN, HNO, R 
T -EtOH T NH, -2H2O TY 
(e) fe) fe) 
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+ 
-H20 Ave <i “Ne cH H20 RNH; + COs 


(iv) Lossen rearrangement. This differs from the Hofmann rearrangement only 
in that the leaving group is a carboxylate anion rather than bromide ion. The 
starting material is the ester of a hydroxamic acid: 


RN Ng 
+ ; 
yp Mon FY Modky, He RNA, 3 
oO 16) 0 
oO 
RZNA Jt -RCOZ | H,0 
% ») R' aaa b Ant Fe iN ee RNH»2 + CO2 
O- o” 


Of these four related processes the Lossen rearrangement is the least useful in 
the synthesis of amines because hydroxamic acids are not readily available. The 
Schmidt reaction is the most direct method but is only applicable if the acid does 
not contain groups which are sensitive to concentrated sulfuric acid. The Curtius 
rearrangement involves the mildest conditions but requires the preparation of the 
azide. The Hofmann rearrangement is convenient providing that other functional 
groups in the molecule do not react with bromine and alkali. 


(b) The Beckmann rearrangement 


Oximes undergo a rearrangement in acidic conditions to give substituted amides: 


RUN Ht R ZN + -H2O Ah 
R' R’ 


The Beckmann rearrangement is stereospecific: the group trans to the leaving 
group migrates. For example, acetophenone oxime, which has the stereochemistry 
shown, gives only acetanilide. 


H 
Ph N Beckmann Me N 
26 ‘OH rearrangement Yr ~Ph 
Me ce) 
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As in other intramolecular rearrangements, if the carbon atom which migrates 
is asymmetric, it retains its configuration during the reaction. 

The rearrangement is also induced by reagents other than proton acids. Boron 
trifluoride removes the hydroxyl group as HO—BF;, toluene-p-sulfonyl 
chloride forms the oxime tosylate which eliminates the stable tosylate anion, 


and phosphorus pentachloride, normally used in ether, induces rearrangement by 
providing a phosphate as leaving group, 


RZNA 
ReNSon “a Ki orci, 
: is 


R' 


An interesting application of the rearrangement is the synthesis of caprolactam 
(70%) from cyclohexanone oxime and concentrated sulfuric acid [2], a ring 
expansion of analogous type to the formation of cycloheptanone from cyclo- 
hexanone (p. 435). Caprolactam gives a polymer of the nylon group when heated: 


O 
: 
6 
[E 


e) 


caprolactam 


The most general rearrangement of this type is the Baeyer—Villiger reaction in 
which ketones are converted into esters and cyclic ketones into lactones, by 
treatment with a peroxyacid. The mechanism is closely related to that of the 
pinacol rearrangement: nucleophilic attack by the peroxyacid on the carbonyl 
group gives an intermediate which rearranges with the expulsion of the anion of 
an acid. 


RCO-Q Rar 4H ss -R'COZ R 
*% ~“, Ul 
- are ot Sees oe ae 


Acids catalyze the reaction by facilitating both the addition to carbonyl and the 
expulsion of the carboxylate. 
A number of peroxyacids, including peroxyacetic, monoperoxyphthalic, and 


14.4 
Rearrangement 
to electron- 
deficient 
oxygen 
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trifluoroperoxyacetic acid, have been successfully employed in the reaction. Tri- 
fluoroperoxyacetic acid is the most reactive of the peroxyacids, probably because 
the trifluoroacetate ion, derived from a strong acid, is a very good leaving group; 
it is necessary to buffer the solution for otherwise transesterification occurs to give 
the trifluoroacetate ester. 

In an unsymmetrical ketone, that group migrates which is the better able 
to supply electrons, as in the Wagner—Meerwein and related rearrangements. 
Amongst alkyl groups, the ease of migration is tertiary > secondary > primary > 
methyl, e.g. pinacolone gives t-butyl acetate. 


Me,C. Me peroxyacid O. Me 
as | 
16) oO 


Amongst aryl groups, the order is, p-methoxyphenyl > p-tolyl > phenyl > p- 
chlorophenyl, etc. (cf. p. 432). Aryl groups migrate in preference to primary alkyl 
groups, e.g. 
Ph > ae peroxyacid Ph aan Me 
ie) 0 

but only if they contain electron-releasing substituents do they migrate in pref- 
erence to secondary and tertiary alkyl groups. 

Cyclic ketones undergo ring expansion with peroxyacids. For example, cyclo- 
hexanone gives caprolactone (cf. the formation from cyclohexanone of cyclo- 
heptanone, p. 435, and caprolactam, p. 445): 


fe) 


Oo 
Oe © 


The lactone is hydrolyzed under the reaction conditions. In an aqueous medium, 
6-hydroxycaproic acid is formed and undergoes condensation polymerization. 
Polymerization is prevented by carrying out the reaction in ethanol; ethyl 6- 
hydroxycaproate is then obtained. 

The acid-catalyzed rearrangement of tertiary hydroperoxides is similar to the 
Baeyer-Villiger reaction. The product from the migration is a hemiacetal which is 
hydrolyzed in the reaction conditions (p. 86), e.g. 


Ph 
| 
PhO. Ht Ph/—¢ OL + +40 Me. .O* 
OH — i OH: ee 
Mel we71Y os “ile 
Me Me Me 
mn 
H20 Me. LO (H") Me_ _Me 
rua ces > YT + PhOH 
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The above example is of industrial importance, for cumene is cheaply available 
from the Friedel-Crafts alkylation of benzene with propylene and, like other 
tertiary hydrocarbons, it readily forms the hydroperoxide by autoxidation (p. 
557). 


(i) Dakin reaction. Benzaldehydes containing ortho- and _para-hydroxyl 
groups are converted into catechols and quinols, respectively, by alkaline hy- 
drogen peroxide. For example, catechol itself may be obtained in 70% yield from 
salicylaldehyde [1]. 

The mechanism is similar to that of the Baeyer-Villiger reaction:* 


ee) 


CHO Kern) oO. 
Ch HOS oc OH” CX CHO 

OH OH OH 
“ om rn OH 
OH H 
00 Sy 
OH OH 


catechol 


14.5 
Rearrangement 
to electron-rich 
This group of rearrangements has been less extensively studied, and is of less carbon 
synthetic importance, than rearrangements to electron-deficient carbon. The 
known examples are of the type, 


O-D 


ee 


prare ze 
(x=n*s to ) 


in which the group R migrates from X to C. 


(4) Stevens rearrangement. Quaternary ammonium ions which contain B- 
hydrogen atoms undergo E2 (Hofmann) elimination with base, e.g. 


HO") 


H — 2 
Time, H20 + CHo=CH, + Me3N 


* The hydroxide ion is not a good leaving group and the function of the aromatic hydroxyl substituent 
may be to provide powerful anchimeric assistance (o-hydroxyphenyl ~ p-hydroxyphenyl > phenyl) to 
effect heterolysis of the O—-O bond. 
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If, however, none of the alkyl groups possesses a B-hydrogen atom but one has a 
B-carbonyl group, an o-hydrogen is removed by base to give an ylide (a species in 
which adjacent atoms bear formal opposite charges). The role of the carbonyl 
group is to assist formation of the ylide by stabilizing the negative charge, e.g. 


ua a gH | PrN Se ae PhSNa 


Me \Me © Me Me O Me ‘Me oO 


Rearrangement then occurs: 


Ph 
rian ye 
Me Me O Me © 


Sulfonium salts behave analogously (p. 470). 
It used to be thought that these rearrangements occurred in a concerted manner, 
represented by: 


L " 

R' “Ch R" pomerne Ry N~ ~R" 
' 
RR R 


However, the recognition that this would not be an allowed reaction according to 
orbital-symmetry rules (p. 293) prompted further study which has shown that 
reaction probably occurs via formation and combination of radical-pairs: 


7 R' GH: R’ GH i 
ONES - ° 
R' N° *R" on Np» 
A _ oe R2N R —~ RN R —P_. R2N R° 


In the absence of a f-carbony! group the o-hydrogen is too weakly acidic for 
rearrangement to be induced by hydroxide ion. A stronger base, such as amide 
ion in liquid ammonia, is effective, but the rearrangement takes a different 
course: instead of the [1,2]-shift, a [3,2]-sigmatropic rearrangement (Sommelet 
rearrangement) occurs:* 


We Me 


No Me ‘o ean Me 
_NHg /NHg oe _tautomerizes on NMe» 


*The benzylic protons are more acidic than the methyl protons because the negative charge of the 
ylide is delocalized over the benzene ring. However, formation of this ylide is not followed by 
rearrangement. 
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High yields can be obtained by this procedure; in the example above the yield is 
over 90% [4]. 


(ii) Wittig rearrangement. Benzyl and allyl ethers undergo a base-catalyzed 
rearrangement analogous to the Stevens rearrangement. A benzylic or allylic 
carbanion* is generated by the action of a powerful base such as amide ion or 
phenyllithium and migration of carbon then leads to the more stable oxyanion, 


e.g. 


ui* Me . Me 
Me Phi = Me H 
N72 ——s “on™. —s ps5 
Ph~ ~O nr Ph~ ~O~ sO ue ar aero 


As with the Stevens rearrangement, there is evidence for a radical-pair mechanism: 


. R R' R' 
R~ 0’ —e RO See RO 


(iii) Favorskii rearrangement. a-Halo-ketones react with base to give enolates 
which rearrange to esters via cyclopropanones: 


Cl Cl Cl 
x ci” 
aR MeO ar sgges aor 
(6) oy oO 
R R' _ oR R’ ae 4 
MeO MeOH ’ 
Alea i, — ale _MeOH yor 
ay CO,Me CO.Me 
Oo O OMe 


The direction of ring opening of the cyclopropanone is determined by which is the 
more stable of the two possible carbanions that can be formed. Alkyl groups 
destabilize carbanions, whereas aryl groups stabilize them by delocalization of the 
negative charge. For example, PhCH,—COCH,Cl and PhCHCI—COMe give 
the same product: 


* The negative charge is delocalized over the benzylic or allylic system. Alkyl ethers are not sufficiently 
acidic to react. 
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14.6 
Aromatic 
rearrangements 


Cl 
pay 
. Ph Ph 
Meo” eon ON 
-HCI ay 
Cl oO O OMe 
PrN 
O 


of -~_0.Me MeOH Ph ™~_ CO Me 


The rearrangement can be employed for bringing about ring contraction in 
cyclic systems, e.g. 2-chlorocyclohexanone and methoxide ion give methyl cyclo- 
pentanecarboxylate in 60% yield [4]: 


re) CO,Me 


or = 
MeO” 


An anomalous example is the conversion of the cyclobutyl into the cyclopropyl 
system, which involves a semibenzylic rearrangement rather than a Favorskii 
rearrangement mechanism: 


O OH. CO2H 
tT #«# 4 — 
Br Br 


A number of rearrangements occur in aromatic compounds of the type: 


x~ XH XH 
Y 
—_ + 
Y 
The element X is most commonly nitrogen and in some cases oxygen. Both 
intermolecular and intramolecular migrations are known. 


(a) Intermolecular migration from nitrogen to carbon 


Several derivatives of aniline undergo rearrangement on treatment with acid. In 
the following examples, the conjugate acid of the amine eliminates an electrophilic 
species which then reacts at the activated ortho and para positions of the amine. 
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(i) N-Haloanilides. For example, N-chloroacetanilide and hydrochloric acid 
give a mixture of o- and p-chloroacetanilde in the same proportions as in the 
direct chlorination of acetanilide: 


Ac. © NHAc NHAc NHAc 
Cl 
Oli . 
cr 
Cl 


(ii) N-Alkyl-N-nitrosoanilines. The nitrosonium ion is released from the con- 
jugate acid of the amine and nitrosates the nuclear carbon atoms, giving mainly 
the p-nitroso product: 


Mes leN NHMe 


be b= O26 


(iii) N-Arylazoanilines. The aryldiazonium cation is formed and couples, es- 
sentially completely, at the para carbon atom (p. 420). 


Ney NH, NH, 


ve SNC 
(be Oo”. oe O ca 
“Ht 


(iv) N-Alkylanilines. The mechanism of rearrangement of the salts of these 
amines is the same as those above, although higher temperatures (250—300°C) are 
required, e.g. 


NHMe NHMe NHMe 


~*~ 
Me 
-MeC! MeCl further 
Oe, 5. SE ROEantl 
-HCI reaction 
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(v) N-Arylhydroxylamines. The rearrangement of arylhydroxylamines to 
aminophenols is mechanistically different: the conjugate acid of the hydroxyl- 
amine undergoes nucleophilic attack by the solvent, e.g. 


eae 


Ho — 


NH, 


tautomerizes 
—_—_—_——S———— 


OH 


When an alcohol is used as solvent, the corresponding p-alkoxy compound is 
formed. 

This rearrangement is useful in synthesis, especially since the hydroxylamine, 
normally made by reduction of the corresponding nitro compound, need not be 
isolated. For example, the electrolytic reduction of nitro compounds in the pres- 
ence of sulfuric acid leads directly to the aminophenol, e.g. o-chloronitrobenzene 
gives 2-chloro-4-hydroxyaniline [4]: 


NO, NH 


a electrolytic ot 
reduction 


OH 


(b) Intermolecular migration from oxygen to carbon 


The only common rearrangement of this type is the Fries rearrangement in which 
aryl esters are treated with Lewis acids to give ortho and para hydroxy-ketones. 
The complex between the ester and the Lewis acid eliminates an acylium ion 
which substitutes at the ortho and para positions, as in Friedel—Crafts acylation 


(p. 365), e.g. 
fe) _ 0 
CIgAl 1Al 
as Me 3 sau 5 ChAT 
AKC, OQ MeGO, -Cl” QO _MeCO 
= —_—_e—_—_——_ “H* 
CLAN og ClALK Peer Gi 
cre + ° 120 cr’ F 
O” “Me O” “Me 
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For example, the treatment of phenyl propionate with aluminium chloride at 
130°C gives about 35% of o-propiophenol and 45-50% of the para-isomer {2]. 

In general, low temperatures favour formation of the para-substituted product 
and high temperatures favour the ortho-substituted product. This appears to be 
because the para-derivative is formed the faster (kinetic control) but the ortho- 
derivative is thermodynamically the more stable by virtue of possessing a chelate 
system: 


ci Cl 
\/ 


(c) Intramolecular migration from nitrogen to carbon 
The mechanisms of these reactions are not fully understood, although it is known 


in each case that the migrating group does not become detached from the aromatic 
system during rearrangement. 


(i) Phenylnitramines. These compounds rearrange on being heated with acid, 
giving mainly the o-nitro-derivative, e.g. 


Oe bee & 


+ some p- isomer 


(ii) Phenylsulfamic acids. These compounds rearrange on being heated, giving 
mainly the o-sulfonic acid derivatives which, at higher temperatures, are con- 
verted into the p-sulfonic acids, e.g. 


y-8020H NH, 


SOL0H yy26_ 
& — Che Om 


(iii) Hydrazobenzenes. These give benzidines on treatment with acid, e.g. 


SO,0H 
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NH, 
mainly some 
There is evidence that the 4,4’-compound is formed by a [5,5]-sigmatropic 
rearrangement: 
NH,—NH, 


but the 2,4’-compound is formed by a different, unknown mechanism. 
Since hydrazobenzenes are readily obtained by the reduction of aromatic nitro 
compounds (p. 666), this rearrangement gives access to 4,4’-disubstituted biphenyls. 


(d) Intramolecular migration from oxygen to carbon 


The Claisen rearrangement of aryl allyl ethers to allylphenols is a [3,3]-sigmatropic 
reaction, which was described earlier (p. 295). An example is: 


Oo N# OH 


M 
“oO heat a doa 


Problems 1. What products would you expect from the following reactions? 


(a) > + Ho — 


(b) Ph. Ph 


(c) 


(d) 


(e) 


(f) 


(g) 


(h) 


(i) 


(/) 


(k) 


0) 
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+ 
ph-—C Ph a 
HO OH 
(Ar = p-methoxypheny!) 
Ht 
HO OH 


iS) 
Ph Z 
Ph}—s=—ph 
HO 


H 
HO iz 
*H 
or o oe 
OHC—CHO OH. 
a 
o Oo 
OMe 
ae 
Neon 


eye + CHN —= 
@) 


2. Account for the following: 


(i) cis- 


trans-1,2-dimethylcyclohexane-1,2-diol give different 
products on treatment with concentrated sulfuric acid. 
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(ii) The dehydration of MeCH(OH)CMe; gives tetramethylethylene. 


(iii) Ph Ph Ph 
14 
Hsow\ Me HNO? How Me + Mee Hy 
NH, OH OH 
50% 50% 


(iv) In the pinacol rearrangements of PhMeC(OH)—C(OH)PhMe and 
Ph,C(OH)— C(OH)Me), a phenyl group migrates in the former case 
but a methyl group migrates in the latter. 

3. Outline routes involving rearrangement reactions to the following: 


(2) Peon (0) nH, 


(c) HO (d) OH O 
a 
(e) 9 (f) fe) 
) - 
(g) fe) (h) CO.Me 


NHe (/) 
CX Me N’ Me 
CO2H Me 


4. Suggest mechanisms for the following: 


(a) NOH 
Oy = oO 
ce OI 
s S._Cl 
b t 
( ) Buy Cl NHBu! NHBu!' 


N 
OMe 
O = oO" 


OMe 


(d) 


(e) 


f) 


(g) 


(h) 
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a@ 7 pe CH 


Ns CN 

teat * 
N3 CN 

MONT one BF; orH® ge 
OAc 
Me OAc 
7 0. 
i I it BF, or ‘, H 


Ao = 
arg + 
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15.1 
Introduction 


phosphorus, sulfur, 
silicon, or boron 


Compared with most of the synthetic methods discussed so far, those based on 
reagents which contain phosphorus, sulfur, silicon, or boron have been introduced 
relatively recently, almost all since 1950. There is still very active research 
towards further developments. 

Phosphorus-containing reagents owe their usefulness to three characteristics of 
phosphorus chemistry: the ease with which phosphorus(l) is converted into 
phosphorus(v); the relatively strong bonds formed by phosphorus to oxygen and 
to sulfur; and the availability of 3d orbitals for bonding. In each of these respects 
phosphorus differs from nitrogen. 

For example, hydroxide ion reacts with a phosphonium salt at phosphorus to 
form a P—O bond and gives ultimately a phosphine oxide, for example: 


F . : 
MesP~~Ph + OH —+ Mee ~Ph OH Mege“~Ph 

OH Oo 
cMesP=O, —phcH, «0. 420. = PhMe «=O + OOH 


In contrast, reaction with a quaternary ammonium salt occurs at carbon (Sy2 
reaction), 


H H 
He 5H 
HO chimes os HO” + NMe3 
PH Ph 


or, if the quaternary ion has a B-hydrogen atom, by the E2 process (p. 98). 
The strong affinity of phosphorus for oxygen is shown, too, in the Arbuzov 
reaction of triethyl phosphite with an alkyl bromide: 


H H 
He + §,H 

(E10)gP: —S-SBy =< (E10)P + Br 
R R 
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+ 
(€10),PR — (E10),F A + Br ~Me 


Sulfur-containing reagents also owe their usefulness in part to the capacity of 
sulfur to utilise 3d orbitals for bonding and to occur in valence states higher than 
2. However, although the S—-O bond is fairly strong, the tendency for its 
formation does not dominate sulfur chemistry in the way that P—O bond for- 
mation dominates phosphorus chemistry. This generates some useful differences 
between the two groups of reagents. 

Silicon-containing reagents differ from those containing phosphorus or sulfur in 
that silicon displays only one valency (four) and that, although the Si—O bond is 
readily formed, it ts also readily cleaved (whence derives the value of silyl 
protecting groups for alcohols). The other features of silicon chemistry which are 
exploited in its applications to synthesis are: a silyl substituent stabilizes both a 
negative charge on the carbon to which silicon is bonded and a positive charge on 
a carbon atom 6 to it; silyl groups are usually displaced from carbon more readily 
than is a proton; and silyl groups remote from the functional centre can be relied 
on to survive all typical reactions except those involving strongly nucleophilic or 
electrophilic reagents. 

Two main factors underlic the usefulness of boron-containing reagents. The 
first is the ability of diborane and of organic boranes to add to C=C bonds, for 


example, 


R 
6 RS + BoHe —s 2 Row BU 


The second is the ease of displacement of the boron atom from these adducts by a 
variety of reagents, often by a reaction which makes use of the ability of the 
boron atom to accept an electron-pair. 


(a) Reactions of phosphorus ylides 


Phosphotus ylides are prepared by quaternizing a tervalent phosphorus compound 
with an alkyl halide and treating the salt with butyllithium, phenyllithium, or 
sodium hydride. The powerfully basic reagent abstracts a proton from the carbon 
atom adjacent to quaternary phosphorus, e.g. 


15.2 
Phosphorus- 
containing 
reagents 
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Br 
rll tr He 
= + § PRL + . ; 
Say — ie Sloan PhgP ae + PhH + LiBr 


These compounds, known as alkylidenephosphoranes, are appropriately repre- 
sented as hybrids of two structures, 


Php—wR se PhP 
3 —~R 3 R 


The second structure, which represents phosphorus’s ability to incorporate an 
empty 3d orbital in bonding, is thought to be much the less important contributor 
to the hybrid. Nonetheless, it accounts in part for the much readier formation of 
phosphorus ylides compared with their nitrogen analogues. 

The importance of alkylidenephosphoranes lies in their reactions with alde- 
hydes and ketones to form alkenes: 


R R RR 
=O + \--rr, — — + R"3P=0 
R R' R R' 


The reaction, known after Wittig, is thought to occur in two stages: the phos- 
phorane adds as a carbon nucleophile to the carbonyl group and the resulting 
intermediate reacts via a cyclic intermediate to form the products: 


s * O5-PR" ie 
fA Bs 
; > ; ——w R R’ ——e wy ite Ze + 
R~ ~R RA ~R R R pie R! RR 
ROR 


Simple phosphoranes are very reactive and are unstable in the presence of air 
or moisture. They are therefore prepared in a scrupulously dry solvent (usually 
tetrahydrofuran) under nitrogen or argon and the carbonyl compound is added as 
soon as the phosphorane has been formed. 

More stable phosphoranes are obtained when a ~M substituent is adjacent to 
the anionic carbon, for example, 


+ + 
PhP. PhaR x 
nr - C=N 

H H 


They are formed more readily, requiring treatment of the phosphonium salt only 
with sodium hydroxide, and they are usually isolable, crystalline compounds. 
However, although they react with aldehydes, they do not do so effectively 
with ketones and for this purpose a modification has been introduced in which 
triphenylphosphine is replaced by triethyl phosphite (Wadsworth-Emmons reac- 
tion), e.g. 


PHOSPHORUS, SULFUR, SILICON OR BORON 


Br 
PhLi At 
NC Br + P(OEt, —= NC~>PCOEN, ——~ NC P(OEt, 
RC=0 | no? + — (EtO);P=0 
R 
The importance of the Wittig reaction for the synthesis of alkenes stems from 
two properties. First, it is specific for the conversion Somo > Nomck. For 


example, the obvious alternative for the conversion of an aldehyde or ketone into 
an alkene involves the use of a Grignard reagent and can give a mixture of 
products, e.g. 


oO HO Me 
1) MeMg! dehydration 
—————— —_-_-_c oer + 
2) H4,0* 


mainly some 


In contrast, the methylenephosphorane from triphenylphosphine and methyl 
bromide followed by butyllithium reacts with cyclohexanone to give methylene- 
cyclohexane as the only alkene product, in up to 40% overall yield [5]: 


(@) 


eS H.C=PPh, 


Second, the Wittig reaction can be carried out on aldehydes or ketones which 
contain a variety of other functional groups (e.g. hydroxyl, ester, C==C) since 
these are unaffected. This is again in contrast to the use of Grignard reagents. 

The reaction has been used in recent years in a number of syntheses of 
naturally occurring compounds. It is especially suitable for making rather sensitive 
compounds, such as polyunsaturated ones. An example is in a commercial syn- 
thesis of vitamin A,: 


+ 
STN PP3 MeO" MeOH 


Pe eee ook 


H NANO 


vitamin A, acetate 
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(i) Stereoselectivity in the Wittig and Wadsworth-Emmons reactions. In gen- 
eral, stablilized phosphoranes, including Wadsworth-Emmons reagents, give 
mainly or exclusively the thermodynamically more stable alkene, especially when 
a non-polar solvent like benzene is used. An example is in the vitamin A, 
synthesis above: the phosphorane is a stabilized one, as shown by its method of 
formation (the negative charge is delocalized over several unsaturated carbon 
atoms), and reacts to form the more stable (£)-alkene. 

Unstabilized phosphoranes react less selectively, although high yields of (Z)- 
alkenes are often formed in polar, aprotic solvents such as DMF or DMSO, 
particularly in the presence of a salt, e.g. 


Et 


Ph 
Yeo + PR, ae \={ + O=PPhy 
H H H 


96% 


The factors that govern these stereoselectivities are not fully understood and 
the following theories which have been put forward have not been proved. With 
stabilized phosphoranes, it is suggested that formation of the stereoisomeric 
betaines is reversible, so that equilibrium is established between them: the more 
stable corresponds to the less congested alkene, with the opposite poles close 
together owing to electrostatic attraction: syn-elimination then gives mainly (E)- 
alkene from the more abundant betaine, 


re) oO 
+ 
+ AL PhP. H R 
a ee Ri _-PhgPO = ws 
RCO” ~H RCO H RCO H 
more stable major 
fe) o 
+ H 
PhgP. R 
PhaP H pe R 3 R’ -Ph3PO H _- 
= COR 
H” ~COR H COR 
minor 


In polar solvents, the tendency for the opposite poles in the betaine to be close 
together would be less, consistent with the reduced stereoselectivity. 

With unstabilized phosphoranes, the betaines are likely to be formed irrever- 
sibly, so that the one formed faster determines the major product. In a polar 
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solvent and with salts present, not only should there be a smaller tendency for the 
opposite poles in the betaine to be close together, but their solvation by salt 
ions could so enlarge them that they would preferably be formed in the anti- 
conformation; coupled with the steric requirements of the other substituents and 
the syn nature of the elimination, this would lead to the less stable (Z)-alkene: 


fe) 
RH +R LH : 
php ot Ent Pha? 
ns oS ‘ 
H~*R He wR a 
PhaPO HL er 
a 


It is possible to form mainly (£)-alkenes from unstabilized phosphoranes by the 
Schlosser modification of the Wittig reaction. The reaction between the ylide, 
generated as a lithium bromide complex, and the aldehyde is carried out at a 
sufficiently low temperature that the betaine is stable. Phenyllithium is added, 
giving a new ylide that, on treatment with t-butanol, is protonated stereoselec- 
tively to give the more stable betaine. Warming the solution then gives mainly 
(E)-alkene: 


R' yt 
= R ; O Li 
Ph3P-CHR H Prob ui Ahn ge H 
a ie ‘POH PhP 
LiBr Br A ra 
Li 
o u* 
PhgP 
; H 
Me3COH 3R H -PhgPO ee 
H R 
H R 
more stable 
betaine 


(ii) Developments of the Wittig reaction. These include the following: 


(1) The use of Ph3P=-CH—OCH; as the phosphorane, to introduce an 
aldehydic group, e.g. 


1 


Se Phage” ~OMe H30* @ 
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(2) The use of bifunctional Wittig reagents, e.g. 


CHO 
CO tm << BC 
CHO 


(3) The formation of carbodiimides (used in the formation of the CO—NH 
bond in peptide synthesis, p. 338): 


te) 
, 
RN=C=0 RN-C™ C0, RN 
; "sP-O R'4P 
‘3P=0 3 3 
NR {NR 
ae ae RN=C=NR 
n —_— —- =C= + R',P= 
rp 0 RP—O iat 


a carbodiimide 


(b) Reductive cyclization of nitro-compounds 


When an aromatic nitro-compound is heated with triethyl phosphite in an inert 
solvent such as t-butylbenzene, the oxygen atoms of the nitro group are trans- 
ferred to phosphorus and the nitrogen atom is inserted into a double bond or 
aromatic ring which is stereochemically suited for the reaction, for example: 


R 
Cr 2 P(OENs CO + 2{ EtO)3PO 
NO y 


. H 


The process probably involves a nitrene as the reactive intermediate and is a 
further example of phosphorus’s strong affinity for oxygen: 


10) o (EtO)3PO N 
i P(QEt)s (E10) -Ns 
Nt : N oo Ar” ~* 
aro ae SG 
- + 
P(OEt) arc NsGeP(OEta EOS. Ar—fe 


The reaction is capable of wide variation, for example: 


Ns 
Cr NAr 2 POEDs ae aver 
SN 
NO, N 
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af ae. OD 


NO, H 


(c) Synthesis of alkenes from 1,2-diols 


The affinity of phosphorus for sulfur is exploited in a synthesis of alkenes from 
1,2-diols, via thionocarbonate intermediates: 


R R 
R.|_LOH — Ro — 
i) rFr\ rF\ 
ae + No Nas i e=S + 2 No NH 
S$ R 


R 0) 
R On R 
R R On R : R 
? ES “P(OEt;  —> yt + CO. + S=P(OEt) 
cy 3 3 
Be WY RR 


The especial value of the reaction lies in its stereospecificity. For example, the 
highly strained trans-cyclooctene has been made in 75% yield from the cis-isomer 
by conversion into the trans-diol (p. 590) and then elimination. The essence of the 
procedure is that, in order to form the thionocarbonate, the diol has to adopt a 
conformation which ensures that the trans-alkene is formed: 


cS) 


OH No 
trans-diol co ae P(OEt)s Cai 
f ti i'n, 
jormation ‘OH 


(d) Conversion of alcohols into halides 
Aliphatic halides are generally made from alcohols with either a strong acid, e.g. 


“Son + HCl nC “ci + He20 


“on + HBr TH. Ng + 10 


or with thionyl chloride (p. 108) or phosphorus tribromide, 
3ROH + PBZ —>= 3RBr + O=PH(OH) 


which also provide strongly acidic media. These conditions are too vigorous for 
many organic compounds. Moreover, yields can be low because of side reactions. 
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For example, EtpCHOH and PBr, give 10-15% of a rearranged bromide, 
CH3;CH,CH,CHBrCHs, as well as Et)CHBr, and optically active alcohols, while 
giving mainly bromides of opposite configuration, usually give some of retained 
configuration. * 

These disadvantages have led to the development of methods which are more 
highly selective under milder conditions. 


(i) Bromides. Triphenylphosphine and bromine form the adduct Ph3PBr,: the 
alcohol displaces one bromine as bromide and the new adduct ionizes (pre- 
sumably helped by the +M effect of alkoxy). Bromide ion then forms the organic 
bromide by a clean Sy2 reaction on the alkoxyphosphonium ion: 


H H 
PhsPBrp + a 8 ap ——~ 
ie  — PBrPhs 
H 
“_— 
PRT Sten, Kon ais 


(ii) Chlorides. The corresponding reaction occurs when chlorine is used instead 
of bromine. Alternatively, the alkoxyphosphonium salt can be generated in situ 
from a compound that can transfer a chlorine substituent without its bonding-pair 
to form a relatively stable carbanion, e.g. 


Cl Cl 
oN af bate b_ Ht 
PhP: cl Cel PhgP—Cl 7 Coy 
Cl Cl 
* The reaction is mainly of S,2 type on the trialkyl phosphite, 
H H 
3 jon + PBrg = arp /OCHRR' + 3HBr 
® i 
OCHRR' 
nN + i 
Br van ocupR i> Bry, + O=PH(OCHRR))> 
R" NZ R 
R' P R' 


| 
OCHRR' 


The occurrence of skeletal rearrangement and some retention of configuration implies some con- 
tribution from the alternative S,,1 mechanism, presumably catalyzed by acid. 


PHOSPHORUS, SULFUR, SILICON OR BORON 


+ + 

ROH + = PhsP-Cl cho! RO-PPh, + HCl 
+ 

cl” + ~~ RO-PPh, SNS RCL +  OPPh, 


(iii) lodides. The required alkoxyphosphonium ion cannot be formed in a 
corresponding way. It is generated instead from diethyl azodicarboxylate, tri- 
phenylphosphine, and methyl iodide (Mitsunobu reaction). The reaction occurs in 
an ether solvent at room temperature or below, and exploits, first, the reactivity 
of the azo compound as an electrophile in the formation of the first phosphonium 
ion (helped by the —M effect of one ester group) and, second, the good leaving- 
group property of the reduced azo compound (helped by the —M effect of the 
other ester group). The role of methyl iodide is to capture the enolate anion and, 
in so doing, to provide the iodide ion for the S\2 formation of the product:* 


Me 
ZN Et0,C, OEt 
ae ae 2 ny ‘a EtO2C.N OEFt 
O + O be 
PhoP: ) Pie PhP 2 
Gy ar 
N. _OEt s,,-N_ LOEt Bs 
ROH Pa cd + Ph. P-OR 
= EtO : q Me Eto” “N T 3 
i} SOR 
PhsP-OR + [7 —=  PhyPO + Al 


* A variant of the Mitsunobu reaction exploits its S,2 character to invert the configuration of an 
optically active alcohol. A carboxylic acid is used instead of methyl iodide, giving the enantiomeric 
alcohol as its carboxylate ester from which it is obtained by hydrolysis: 


H 
Et0,C_, oN. 2) R'COLH EtO2C.. Nang et : 
N COZEt “ACOs Ps 2 ; a , 
Phe E10~ “N~ “CO, Et 
anys (RRO? 3 R'CO,—{ 4 + OPPhs 
R' PPh3 R' 


RCO,—~{, P OW» “RCO. . 4 HOCK 


R’ R’ 
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15.3 (a) Reactions of sulfur ylides 
Sulfur- 
containing Sulfur ylides are prepared, analogously to phosphorus ylides, from sulfonium 
reagents salts and an exceptionally strong base. The latter is usually the ‘dimsyl’ anion, 
CH;—SO—CHz, formed from dimethyl sulfoxide and sodium hydride: 


Me. Me Me, CH2 Me. ..CH> 


$ + NaH pas S ae o Nat 
oO oO Oo 
Ylide formation then occurs as follows, e.g. 
Me. + Me. __C SHo. 
Page n le 5 CH, CH, al ‘ sere 
Me Me re) 
Sulfoxonium salts can also be used, e.g. 
: CH 
+ Me. CH rs 7? Me. _-Me 
MesS=O + s 2 = Me2S- ‘e s 
fe) o fe) 


The ylides are thought to be stabilized by bonding which involves a sulfur 3d 
orbital, as represented by 
+ Me Me 
- ¢ / 
CH,—-S = CHa=S 
Me Me 


- + 
CHa Shea — CHAS ONG: 


(i) Reactions with carbonyl compounds. As with phosphorus ylides, the first 
stage of the reaction of a sulfur ylide with an aldehyde or ketone consists of 
nucleophilic addition: 


R _  4Me oO 
yO + GH-§ —= AYN, 
R Me R S~Me 


However, whereas the corresponding adduct from a phosphorus ylide forms an 
alkene and the phosphine oxide (p. 460), the sulfur-containing adduct undergoes 
intramolecular nucleophilic substitution to give an epoxide: 


oy RR 
rR = Me. _M 
H GS-Me » a a 


Me 
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This illustrates the relatively weaker affinity of sulfur for oxygen compared with 
that of phosphorus. 

Reaction may be brought about with an ylide derived from either a sulfonium 
salt or a sulfoxonium salt. Yields are generally good; for example, cyclohexanone 
and the ylide from trimethylsulfoxonium iodide give 70% of the epoxide [5]: 


0 
: g a 0 
+ “~N New 
+ po re on — CS + ; 
0 


Since epoxides undergo rearrangement to carbonyl compounds when treated 
with Lewis acids (p. 590), the overall process can be used for the conversion 


C=0-—- (CH—CHO; for example, 


a / 
@) CHO 
O= X 


A particularly useful sulfur ylide is the cyclopropyl-substituted one whose 
synthesis is shown: 


cl 
KA gE oe pyr Sspy AQBF, i + Agi + BF; 
Pho? Ph 


Ce 
ns, (Cars - 


+ st 
Ph7>~ph ph->sPh Ph“ ~Ph 
EX base - Zs 
+ + 
Ph7S~Ph Ph7S~Ph 


It is not necessary to make the ylide separately; the precursor sulfonium salt is 
treated with potassium hydroxide in the presence of a carbonyl compound, and, 
as the ylide is formed, it reacts with the carbonyl compound: 


KOH R 
a = 7 aS = rX<| + pn-Ssph 


+ 
ph°Sph Ph@ 


The resulting epoxides — oxaspiropentanes — are particularly strained and 
readily subject to ring-opening reactions. For example, treatment with an acid 
gives cyclobutanone derivatives: 


469 


470 — PRINCIPLES OF ORGANIC SYNTHESIS 


R R R R 
x = oJ - 2X # pa 
0 +O R 
1) 
H H 


I 


Oo 


These in turn can undergo useful transformations, such as ring expansion to y- 
lactones on treatment with alkaline hydrogen peroxide:* 


R 


Raw 
oa H202 - OH = re) 


O O 


(ii) Rearrangements. Sulfur ylides rearrange in the same way as nitrogen ylides 
(p. 448), 


When one of the substituents on the sulfur atom is allylic, a [3,2]-sigmatropic 
rearrangement occurs instead, e.g. 


ae 
bs, nk ‘eo 


This can be usefully employed in synthesis because, first, a sulfur substituent can 
be readily introduced by making use of the nucleophilic property of sulfides and, 
second, a sulfur group can be removed after the rearrangement. In the following 
example, the [3,2]-shift occurs in preference to the [1,2]-shift, and the removal of 
sulfur at the end is made possible by the fact that allylic systems are susceptible to 
hydrogenolysis (p. 645): 


gee es 
Ne wk EtBr eee Oo 
t 


*This is an example of the Baeyer-Villiger reaction (p. 445). However, the Baeyer- Villiger reaction 
usually requires a peroxyacid: in this case, the milder reagent no doubt succeeds because of the relief 
of ring strain during rearrangement. 
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[1,2]-shift 


SS § ea 
Et 


(3,2]-shift BiG 
SS set 
ATS am . 
Ss 


Aza- and oxa-sulfonium salts also give ylides which can rearrange and special 
use can be made of this in the aromatic series. The crucial reactions are of the 


types, 


o Jo.. be 


These [3,2]-sigmatropic rearrangements are analogues of the Sommelet 
rearrangement (p. 448). 

In the nitrogen series, treatment of an aniline with t-butyl hypochlorite gives 
the N-chloro-compound which, with an organic sulfide, gives the azasulfonium 
salt, e.g. 


a cl” 
NH, NHCI HN“ ™ 


| 
me oe 


The ylide is generated with sodium methoxide and spontaneously rearranges; 
reduction over Raney nickel then yields an o-alkylaniline, e.g. 
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| 
es + 
HN an HN “Sy. NH 


NH> 
cr He - Ni on 


A simple variant enables an aa group to be introduced, e.g. 


Hey NH 
A further variant is to use a B-keto-sulfide. After rearrangement of the ylide,* 
intramolecular nucleophilic displacement on the carbonyl group occurs spontane- 


ously to form the indole ring and the sulfur substituent can be removed by 
reduction, e.g. 


NHCI mci Hajeee 


NHCI 


In the oxygen series, o-alkylation of phenols can be effected in a similar manner 
to that of anilines, e.g. 


*The —M effect of the carbonyl group stabilizes the ylide formed by loss of a proton from the 
adjacent carbon atom and allows the use of a weaker base than methoxide ion. 


PHOSPHORUS, SULFUR, SILICON OR BORON 
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+ 
OH O oSN\ 
OI - O 
0 
OH OH 


(b) Reactions of the dimsyl anion 


As well as its use as a very strong base in the formation of ylides, the dimsyl anion 
is very reactive as a nucleophile, and several synthetic applications are based on 
this property together with the ease of removal of the sulfur substituent either by 
reduction or thermally.* For example, 


AN Br ~ N65 Br AV ™s~ heat ANF 


10 6 6 -MeSOH 
58% 
Ph _ LOEt Nee -EIO7 Ph 2 Zn - ACOH Ph 
Noe Oe ‘ian 
fe) re) Oo oO ce) 


Since compounds of the type RCOCH,SOCH; contain strongly activated 
methylene groups, the reaction of the dimsyl anion with an ester can be used 
as the basis of the synthesis of more complex ketones, as for example from 


PhCOCH,SOCH3: 


Ph Ph 7 _2n-AcOH ra 
$7 1) NaH Ss Phe etal ea 
Oo oO Oo 0 


2) 2 Mel 


CO.Et 
Ph S71) NaH m Lee Zn - ACOH mS 
u 
10) 


ro) 2) BrCH2CO2Et Oo re) O 


*The thermal reaction is a syn-elimination (cf. the Chugaev reaction, p. 296): 
HescF 
b/D —+ c=C + — RSOH 
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(c) Sulfoxide elimination 


A route to sulfoxides which is an alternative to that involving the dimsyl anion 
is to treat a compound containing an activated C—H bond with diphenyl or 
dimethyl! disulfide in the presence of base, followed by oxidation of the resulting 


sulfide (p. 626), e.g. 


o fe) 
x) Ph 
Ph-S*s- gn Oxg/Ph 
} -PhS™ nA oxidation R HAP 
R_A_R 
aap 6 : 


Since sulfoxides undergo elimination on heating, 


Os.-Ph 
$ j - 
RAR heat Ayr" + PRSOH 
6) 
fe) 


this provides a method for introducing a double bond next to a group of —M type, 
for example: 
Oo 0 


1) ph7Ssg7Ph -OH™ 
2) oxidation 
3) 50°C 


100% 


If dimethyl disulfide is used, the final step requires a higher temperature (110°C). 


(d) Use of dithioacetals: ‘reversed polarity’ of carbonyl compounds 


The characteristic of the carbonyl group is its susceptibility to attack by nucleo- 
philes, e.g. 


H Ri 

=o MS H-0" Mgx* 

R R 

Its versatility in synthesis would be increased if it were possible to render the 
group itself nucleophilic, i.e. to generate RCO”. This is not practicable, but an 
alternative approach is available: to attach groups X and Y to the carbonyl carbon 
which stabilize an adjacent negative charge, carry out reaction with the corres- 
ponding carbanion, and then replace X and Y by oxygen: 
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H Xx * RB R\_* Ri 
R™ “y 
R R R 


Y R 


It has been found that the most satisfactory forms of X and Y are RS- 
groups: they can be readily introduced by an acid-catalyzed reaction between the 
aldehyde and a thiol, e.g. 


H + S 
eo + HSS SsH Se HK S + HO 
R s 


the sulfur atoms stabilize carbanions a 468), so making possible alkylation, 


S 
H _Buli fo R* > 
aon . “Bu ie > eM 
and the dithioketal can be hydrolytically cleaved in the presence of mercury(1) 
ion, 


iS) + 2+ R\ 
RS ) gO Hon \=0 + HS* ~~sH 
R's 


R 


The overall process corresponds to the conv. sion, RCHO — RR’CO. 
The use of the 1,3-dithiane derivative of formaldehyde enables two alkyl groups 
to be introduced sequentially, 


‘ 1) Buti VCH 1) Buti Veh 

s 2) RBr of R 2) R'Br s R 
and, if the appropriate dihalide is used, 3- to 7-membered cyclic ketones can be 
obtained, e.g. [6] 


S S) $s 
‘ 1) Buti 4 .H Buti é 8% 
. Cl wn Ay, 
P, 2) Br “cl = Xr Lv 
+ 2+ 
H30°- Hg’ O =<» 


As usual in alkylations of carbanions, primary and secondary aliphatic halides 
react successfully but aromatic halides are unreactive and tertiary halides undergo 
elimination. The halide can be replaced by another source of electrophilic carbon 
in the form of an aldehyde, ketone, epoxide, or aromatic nitrile, e.g. 


Ss O 
— 1) Buli H,0*- _Hy0% Hg? R’ 
Ss H 2) R'CHO a R 


OH 
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(e) Julia reaction 


This is the reaction of an aldehyde or ketone, RR’CO, with a sulfone, 
R’R”CHSO,Ph, to give the alkene, RR'C==CR’R”. A CH bond adjacent to 
sulfonyl is significantly acidic and can be metallated with lithium or magnesium. 
The anion reacts readily with the carbonyl compound to give an adduct whose 
acetyl derivative undergoes reductive elimination with sodium amalgam to form 
the alkene. Yields are usually at least 80%. 


HR Rout RX RR 
10) er 
Pho X,, 4 Prk, are PrgK v0 Lit 
4N 4N 4N 
dS é% 1) % R' R 
RR R 
Ac2O Phy OAc Na-Hg aos R 
-LiOAc IN -PhSOQ" , -AcO™ 
O OR' R' R' 


One of the important characteristics of the reaction is its high stereoselectivity 
for (E)-disubstituted alkenes. This is thought to result from mediation of a 
carbanion in the reductive elimination which can rotate into the most stable 
configuration, corresponds to (E)-alkene, before eliminating acetate: 


PhSO. R' R 
R'Y R's = 
H OAc H OAc 
R'y : 
Vs AcO™ Hw 
H"y gars a 
RY Glac 
15.4 
Silicon- 
containing 


reagents (a) Synthesis of alkenes: Peterson reaction 


This process, which is closely related to the Wittig reaction, can be carried out in 
two ways. In one, a CH group that is adjacent to both a silicon-containing 
substituent (usually SiMe;) and a —M group undergoes a base-induced reaction 
with an aldehyde or ketone to give the alkene directly, e.g. 


Lit 


R 
y=0 


A Pati ~ 
Me,Si~ ~CO,Et — Me,Si~ ~CO,Et 
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R 
Lit “OUR R 
— 7 ~COzEt + MegSi0" Li* 
R 


Me,Si~ ~CO,Et 
Yields are generally high, e.g. 
6 H_ CO.Et 
95% 


In the second method, a carbanion-equivalent (as a C-metal bond) is generated 
adjacent to the SiMe; group in the absence of a —M substituent. This reduces the 
tendency for the final step to occur since the alkene formed is not conjugated; 
acid work-up yields the B-hydroxysilane which is converted into the alkene in a 
second step. 

The carbanion-equivalent is usually formed by one of the following routes: 


(1) Addition of an organolithium compound to the commercially available 
trimethylvinylsilane: 


RL + S\SiMeg  — RN SiMes ge A SMe 
uit Li 


The regioselectivity follows from the anion-stabilizing effect of silicon. 
(2) Abstraction of a proton from an allyisilane, e.g. 


SiMe, _AL SiMe, 


(3) Formation of a silyl-containing Grignard reagent, e.g. 
Me,Si~ ~Ct Mo. Me,Si~ ~ MgCl 


The B-hydroxysilanes, derived from these reagents with aldehydes and ketones 
followed by acid work-up, can be formed as diastereomers (each of which is a 
racemate). After separation, either diastereomer can be converted, usually with 
over 90% stereoselectivity, into either the (E)- or the (Z)-alkene, depending 
on whether basic (KH or NaH in THF) or acidic (BF,-Et,O) conditions are 
employed. This results from the syn nature of the former elimination and the anti 
nature of the latter, e.g.* 


* Elimination of Me3;SiO~ from the oxyanion occurs in the base-induced process whereas it does not 
occur when B-hydroxysilanes are formed via the oxyanion derivatives, in the processes involving 
lithium or magnesium reagents described above. This is because the oxyanions in the latter reactions 
form essentially covalent bonds with lithium or magnesium, whereas they are ‘bare’ and more reactive 
when associated with the more electropositive sodium or potassium. 
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OH 
Me,Si 
H, R KH 
“Hp 
R' H 


a -Me3SiO~ Pes 
‘ R' H 
R' H 
RO OH ; 2 
Messi, ~ -HOBF H 
HOt ,-- R—< 
4 BFS H 


R' 


As well as this control of stereoselectivity, the Peterson reaction has the 
advantage over the Wittig reaction that it is more effective with hindered ketones. 


(i) Inversion of configuration of an alkene. An inversion of the type 


iA 


7 N\N 
R R’ 


can be accomplished by conversion of the (£)-alkene into the epoxide, fol- 
lowed by treatment with Me;Si—SiMe; and NaOMe (which form Me;Si~ + 
Me3SiOMe); S,2 opening of the epoxide by Me3Si is followed by syn-elimination: 


o 


fe) 
HI_R 
roxyacid + Me3Si~ . H 
a, pomyeest tee i a A 
H 


(b) Protection of alcohols 


R' 


Alcohols react rapidly with chlorosilanes to give silyl ethers. Reaction is usually 
carried out in the presence of a weak base such as triethylamine in order to 
neutralize the hydrogen chloride that is released: 


ROH + 


Me,SiCl 


RO-SiMe, + EtgNH* Cl” 


EtsN 


This provides a method for protecting an alcoholic function while other reactions 
are carried out. The alcoholic group can be released with dilute acid, 
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RO-sime, 822 ROH +  Me,SiOH 


A particular value of this method of protection depends on the fact that, for 
steric reasons, the order of reactivity to the chlorosilane amongst alcohols is 
primary > secondary > tertiary. This makes it possible, for example, to carry out 
reactions on a secondary or tertiary alcohol in the presence of a (protected) 
primary one. 

Diethylaminotrimethylsilane is a less reactive but correspondingly more selec- 
tive protecting reagent. For example, it is possible to protect the alcoholic group 
trans to R without affecting the more hindered one cis to R’ in compounds of the 
following type, 


HO HO 
4 OR’ KR 
_ Me3SiNEt, . 
a Ch 
é R $ R 
HO Me,SiO 


Bulkier silyl! groups confer stronger protection. For example, 
RO-—SiMe,(CMes) is stable to dilute acid, enabling acid-catalyzed processes to 
be carried out elsewhere in the molecule. This is the result of steric hindrance and 
the group is correspondingly harder to introduce. Reaction with the chlorosilane 
is too slow to be practicable but imidazole ~ a much stronger nucleophile than an 
alcohol and, in its protonated form, a good leaving group — is an effective catalyst: 


Mes A CMe 
.*Si-Cl Sin 
7 Me"y Nowe ; 
NH ome HCI a Me Py 
lo : d 
N 
CMeg 5 
arm TOL 
ny SiMe H i oN 
M -Ht onl \' 
l. . le H Mey'\oR + ki 
No le 
H H 


The group can be removed by either a strong base (e.g. MeO™) or by nucleo- 
philic displacement by fluoride ion, in the form of a quaternary ammonium 
fluoride such as BusN*F~ or KF.18-crown-6 (p. 107), making use of the very 
strong Si—F bond (594kJ mol” '): 


RO-SiR'y  ——= RO-SiR'y —»= RO” + F-SIRy 
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(c) Directive influence of — SiR; in electrophilic reactions 


A trialkylsilyl group has a strongly stabilizing effect on a cationic centre which is 
beta to it, consistent with effective carbon-silicon hyperconjugation, that is the 
C—Si bonding orbital and the empty p orbital on the B-carbon atom overlap 
laterally to provide extra bonding, as represented by the hybrid, 

SiMe, *siMe, 


6d ~~ C=C 


A measure of the effect comes from the rate of the reaction, 


SiMe, H SiMe, 


130" Cy He CO +  MesSiOH 


which is about ten-thousand times greater than that in which a proton is displaced 
from benzene.* 


(i) Arylsilanes: ipso substitution. The reactivity of silicon-substituted aromatic 
carbon described above provides a strong directing effect for electrophiles, e.g. 


Br Li SiMe, 
Me 
ve o= 6 
Me.__.0 
MeCOCI- AICI, Me 4 Messicl 


Any of the usual aromatic electrophilic reagents can be used in this way. 


(ii) Alkenylsilanes can be prepared from alkynes by hydrosilylation (cf. hydro- 
boration), catalyzed by hexachloroplatinic acid, e.g. 


* Addition of a proton at the meta position also gives a cation with a B-silicon substituent, 
SiMe3 
+ 


% 
H 
However, the C—Si bond is in a plane which is perpendicular to the p orbitals associated with the 
positive charge, so that C—Si hyperconjugation cannot occur. Consequently the meta position is not 
activated. 
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R-—==—F Me3SiH ‘ 
= HePICls (cat) H SiMe, 
and from Grignard reagents, e.g. 
AA br pu 2.’ ee R.A simeg 


2) MesSiCl 


They undergo the aliphatic counterpart of aromatic ipso substitution, e.g. 


.°) cl” fe) 
SiMe, SiMe, 
QO _MeCOCI- Ay ee + MesSicl 


Reaction normally occurs with retention of configuration, e.g. 


R’ R 
R Ip 
Asie, aaa RA, 
It is believed that this is because the carbocation formed with an electrophile E* 
undergoes rotation about the new C—C single bond in the direction shown as a 
result of the increase in the stabilizing interaction between the unoccupied 2p 
orbital and the C—Si bonding orbital: 


R 
RH et Ee 
Ry Vl —— — 
Siiey R' SiMe, 
R H 
3 R 
R' E eee wa + Me,SiX 
RA“, 
SiMe, 


Inversion is observed in some cases (e.g. with bromine). This is probably because 
the initial carbocation rapidly completes an anti-addition; rotation about C——C 
in the adduct (e.g. the dibromo compound) then occurs to give the required 
antiperiplanar conformation for elimination: 


R 
Me,Si - R H 
Br eee + Me,SiBr 
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(iii) Allylsilanes are readily available from ally! halides via Grignard reagents, 
e.g. 
R Cl 1) Mg R ZA SiMe; 
5 ass 2) Me3SiCi are 
R R 
Their characteristic reaction is the addition of an electrophile at the further of 
the unsaturated carbon atoms, reflecting again the stabilizing influence of a C—Si 


bond on a B-cationic centre. Elimination of the silyl group then results in regener- 
ation of the C=C bond in a new position, e.g. 


SiMe, SiMe, 
fe} 10) 
MeCOCI- AIC -Me3SiCl 
AICI, 
OH 
SiMe 1) PRhCHO- TiC, 
ons a eo 
SiMe, RgCCI- TiC R,C 
yaa ase aN 


With a proton as reagent, double-bond migrations can be directed, e.g. 


SiMe, SiMeg 
AcOH AcO™ + Me3SiOAc 
-AcO™ 


(iv) Silyl epoxides can be obtained from vinylsilanes with peroxyacids or from 


ketones, e.g. 
ALi R 
Me,Si~ ~CI aH Me,Si~ Cl 
H/o ' Q 
Messit—CR za r i 
cl) R Me,Si R 


Their main uses are in the formation of ketones by acid-catalyzed ring opening, 
the regioselectivity of which is directed by the stabilizing effect of a B-Si—-C bond 
on a carbocation, 
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H 
| 
: : HO R 
Me,Si_ O OR Ht Me,si. O° JR 
‘ Bea — : EX — Messi“ 
R R R R R R 
xe OH 6) 
-MegSix avr as pyr 
R R 


and in the formation of B-hydroxysilanes required for the Peterson reaction, e.g. 


lan H t) R’,CuLi HQ Ysime, 
Rey 0 — ee Pad 
H SiMe, 2H" Aa Ne 


The regioselectivity is probably directed by the stabilization by a-SiMe, of the 
partial negative charge developed in the transition state at the carbon undergoing 
Sn2 substitution. 


15.5 
Boron- 
containing 
Diborane, B2H,, adds readily to alkenes to give organoboranes which have reagents 
numerous synthetic uses. Diborane is available commercially in the form of the 
complexes which it forms with ethers, e.g. 


too. 
3-ae, 


and dimethyl sulfide, Me,S—BH3. Alternatively, it can be generated in situ by 
the reaction of sodium borohydride with the boron trifluoride-ether complex: 


- + - + 
3NaBH, + 4 F,B-OEt) —* 3NaBFy + 4H;B~-OEt, 


One procedure is to mix the unsaturated compound and the borohydride in an 
ether solvent such as (MeOCH,CH2).0 (‘diglyme’) and then to add the boron 
trifluoride complex slowly at room temperature. After the rapid reaction, the next 
reagent is introduced. However, if the borohydride would react with another 
group in the alkene or alkyne, gaseous diborane is passed into the solution. 


(a) Formation of organoboranes: hydroboration 


The characteristics of the reaction of diborane with an alkene are: 
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(1) If the alkene is either monosubstituted or disubstituted with groups which 
are not bulky, trialkylboranes are formed, e.g. 


N37 


3 yO pee 
“~ 


However, with sterically hindered alkenes such as trisubstituted ones, reaction 
can be controlled to give dialkylboranes, e.g. 


Le EY 


or even monoalkylboranes, e.g. 


AY Botts Ae 
Hey 


thexyiborane 


3 “sO 


Monoalkylboranes can be made by reaction of an alkene with benzo-1,3-dioxa-2- 
borole (‘catecholborane’), followed by reduction with aluminium hydride: 


0 Q, 
Cx ‘BH  _akene Cx BR AIH3 + RBH, 
fo fe) OH 


(2) The boron atom adds predominantly to the less substituted carbon atom, 
as shown above for propylene and trimethylethylene. For example, the preference 
for attack by boron at the two unsaturated carbon atoms of 1-butene is 


With 1,2-disubstituted alkenes, the selectivity is less marked, e.g. 
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Jagr 


42% 


(3) Addition occurs with syn stereospecificity, e.g. 
Cy Be aD 
ee 
H > 


(4) The alkene reacts at the less hindered face, e.g. 


a> os Pe 


It is generally considered that reaction occurs via a complex in which the n- 
bond of the alkene donates to boron’s vacant 2p orbital, followed by formation of 
a four-centred cyclic transition state:* 


BH, HB 


(i) Alkynes also form organoboranes. The reaction with diborane is efficient 
with monosubstituted alkynes, but disubstituted alkynes tend to form polymers 
and an alternative boronating agent is used (p. 491). 


(ii) Other boronating agents. Several organoboranes which are formed from 
alkenes with diborane and contain one or two B—H bonds are themselves of 
value as boronating agents. They are of two general types. 


(1) Sterically congested boranes are much more strongly regioselective than 
diborane. For example, the boron atom in the adduct of trimethylethylene and 
diborane (shown above) which is known as disiamylborane, Sia,BH, reacts almost 
exclusively at the methyl-substituted unsaturated carbon atom in 
MeCH=CHCMe;, in contrast to the 58:42 ratio given by diborane. Another 
such selective borane is 9-borabicyclo[3.3.1]nonane (9-BBN), formed from 1,5- 
cyclooctadiene, 


* A concerted cycloaddition is symmetry-forbidden unless the vacant orbital on boron is involved. 
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9-BBN 


9-BBN and Sia,BH are also effective boronating agents for disubstituted 
alkynes. These boranes have a second useful function. In some reactions of an 
organoborane R3B, only one of the R groups is used; the other two become part 
of a boron-containing byproduct. If the alkene to which R3B corresponds is hard 
to obtain or expensive, it is best to use Sia,BH or 9-BBN to form the mixed 
organoborane R2R’B: providing that (as is frequently the case) the R’ group 
reacts the more readily, none is ‘wasted’ (e.g. p. 489). Thexylborane, from 
tetramethylethylene (shown above), can fulfil a similar role when two groups in 
an organoborane are utilized in a synthesis (p. 489). 

(2) Asymmetric boranes can be made which are of value in enantioselective 
synthesis. The reagents of choice are prepared from (+)- and (—)-a-pinene: (+)- 
a-pinene and diborane form (—)-diisopinocampheylborane (‘(—)-Ipc,BH’), 


BH 
= BeHe = vy 
2 
BH 


(+)-o-pinene (-)-IpegBH 


and, with less alkene, (+)-monoisopinocampheylborane (‘(+)-IpcBH,’), and like- 
wise the (—)-a-pinene forms (+)-Ipc,BH and (—)-IpcBH2. 


(iii) Isomerization of organoboranes. On heating at about 150°C, organo- 
boranes are isomerized to a mixture in which the major component has boron 
attached to the terminal carbon atom of the alkyl group, e.g. 


i i 5 ‘Gad tee EEO, 
Buen s sot ps + 
Bn a 


90% 6% 4% 


The process is catalyzed by diborane and occurs by sequential elimination and 
addition steps. It provides a method by which a readily available internal alkene 
can be converted into, for example, a primary alcohol, e.g. 


o, 
Av Bae Ag 150°C An BH, 


BH, 
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H2Q2 - OH™ 
202 Aros 


(b) Reactions of organoboranes from alkenes 


The formation of alkanes is discussed later (p. 635). The other synthetic uses of 
organoboranes are as follows: 


(i) Oxidation to alcohols. Reaction with alkaline hydrogen peroxide solution 
gives alcohols, e.g. 


R3B + 3 H2O2 + NaOH —- 3 ROH + NaH2BO3 + HO 


The reaction occurs by addition of HOy to boron, making use of boron’s vacant 
2p orbital, followed by rearrangement, 


O-—OH R 
: / auc \ 
rp Oe. nl OH 0 
3 RB 


These steps are repeated to give, after all three alky! groups have migrated, a 
borate ester which is hydrolyzed: 


3(RO)3B + 3H0 -2+ 3ROH + B(OH), 


The migrating group retains its stereochemistry and, if different groups are 
attached to boron, the order of ease of migration is normally primary > secon- 
dary > tertiary. 

This provides a method for converting an alkene RCH=CH,; into the alcohol 
RCH,CH,OH, complementing the method for the conversion RCH==CH; — 
RCH(OH)-CH; by oxymercuration followed by reduction (p. 203). Because 
stereochemical integrity is retained in the rearrangement step, the overall reaction 
has syn stereospecificity as well as strong regioselectivity, e.g. 


1) Bo ee 
2) Hy02- OH™ ae 


Enantioselectivity. The reaction of (+)- or (—)-Ipe.BH with (Z)-1,2-disub- 
stituted alkenes followed by oxidation gives a predominance (often >10:1) of the 
(S)- or (R)-alcohol, respectively, e.g. 
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(--Ipeg8H Ipce®s, He02- OH" ak, 
a “}1pc %y : J 

ae RA, R 

(R) 

(mainty) 


Ipc.BH reacts very slowly with (E)-alkenes, but the less hindered (+)- or (—)- 
monoisopinocampheylborane can be used effectively, e.g. 


H OH 
RZ 1) ()-lpcBH, R 3 
wen R “2) Hz0, - OF HO; - OH" - ~~ < R 
(S) 
(mainly) 


(ii) Conversion into primary amines. Chloramine and hydroxylamine-O-sul- 
fonic acid react in a similar way to HOz, e.g. (X = Cl or OSO,OH), 


RR n 
RaB aa aey* x. ——-RLB-NHR 
. t 
H 
e+ = B(NHR), «9 2 B(OH); + 3RNH, 


(iii) Carbonylation. The reaction of organoboranes with carbon monoxide 
opens up a variety of synthetic pathways. 


1. Tertiary alcohols. Reaction of the borane with carbon monoxide in ethy- 
lene glycol at 100-125°C, followed by oxidation with alkaline hydrogen peroxide, 
gives a tertiary alcohol: 


1)CO 
RaB sie an R3C-OH 
The mechanism is thought to be as follows: 
R oO OH 
R3B O+ 6=6 — R—~B—=0 — A HO” ~~ 
4S RB R 
R 
HL ~_OH 
G o 
=~ Or 
Ho MEE — HO~ ~~ os — 
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fo) se} 02 - OH" 
EAL —- C ‘B-cR, OR C-OH 
0) 


2. Ketones and secondary alcohols. By carrying out the reaction in the 
presence of water, the intermediate formed after the second rearrangement step 
(which contains a hydroxyl and not a glycol substituent) is intercepted. It can be 
oxidized (HOz) to a ketone or hydrolyzed to a secondary alcohol: 


H20 


1202-0 ReC(OH)> see R,CO 


HO OH 
\ / 
RB-CR, 


Sad RoCHOH 


Thexylborane is normally used to provide one of the alkyl groups in the borane: 
since it is attached to boron by a tertiary alkyl group, it rearranges less readily 
than the other groups if they are primary or secondary, so avoiding waste. The 
sequential introduction of two alkenes enables unsymmetrical products to be 
formed, e.g. 


thexy-BH, 2Kene= 1 thexy-BRR' = CO: HO RCOR' 
2) alkene - 2 2) H2O2 - OH 


and cyclic compounds can be formed from dienes, e.g. 


H thexy! H oO 
iB & 
thexy!-BH, 1) CO- H,0 
fA 2) HpO> - OH” 
H H 


3. Aldehydes. By carrying out the carbonylation in the presence of a reduc- 
ing agent such as lithium trimethoxyaluminium hydride, the intermediate follow- 
ing the first rearrangement step is intercepted. Oxidation yields aldehydes: 


R R 
1 i ! OH ~ 
ahoR LiAIH(OMe) aes F een RCHO 
res H O-—Al(OMe)3 


9-BBN is normally used to provide two of the alkyl groups and the process 
constitutes a method for the conversion RCH==CH, — RCH,—CH,— CHO. 
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(iv) Cyanidation. Cyanide ion, which is isoelectronic with carbon monoxide, 
reacts similarly. The nitrogen atom in the initial adduct is not sufficiently electron- 
attracting to induce rearrangement but is made so by trifluoroacetylation: two 
alkyl groups are transferred at low temperatures, enabling ketones to be formed 
by oxidation, 


R 

- = Rv. O 
RB Ben ERCOHO ‘B—==N 

-CF3CO2 A VY CF3 
te CF, 

. O}EN : Qo” NN Hp02-OH RCO 
— me 3 

aw", i BR 


and the third group is transferred on heating with an excess of trifluoroacetic 
anhydride, to give tertiary alcohols after oxidation, 


CF, CFs o 
+ 
Oo Ny {CFs oSickcr, = 
B “B 
: CF4CO ngs: 
R RRA RO RR 
CF, O 


This method is superior to that based on carbonylation if lower temperatures 
are needed to avoid reactions of other groups. 


(v) Synthesis of esters. The enolate formed from an a-haloester with a strong, 
hindered base adds to an organoborane to give an anion that rearranges, e.g. 


Bry OF _Megcor BrN OF Fa 


ie) ols 
R cBr R 
Pash oF! ae, igh p08 
apes RO 


The product tautomerizes to a borate derivative which can be hydrolyzed to an 
ester, 
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RCH. _OEt Ot 
R H20 
ey yy rs RN 
ce) eo O 
R O “BR, 


9-BBN is often used to provide two of the alkyl groups in the borane. 


(c) Reactions of organoboranes from alkynes 


(i) Synthesis of ketones and aldehydes. The alkyne is boronated, usually with 9- 
BBN or Sia,BH, and the adduct is oxidized with alkaline hydrogen peroxide: 


R oR 
R—se—p 2 SBN \— HeO2- OH” 
H 


H 04 9 
With a terminal alkyne, the product is an aldehyde, 


H 
as 1) 9-BBN R 
toe 2) HoQ> - OH™ oT 


and this provides a complementary method to the direct hydration catalyzed by 
mercury(1!) sulfate, which gives methyl ketones (p. 91). 


(ii) Synthesis of alkenes. Both (E)- and (Z)-alkenes can be made from a mono- 
substituted alkyne. Thexylborane is normally used to provide one of the alkyl 
groups in a borane RR’BH. 
For (E£)-alkenes, a I-haloalkyne, e.g. 
Rui Bre 


R—===—H mn RSS Li “Lier 


R-—==—Br 


is hydroborated with syn specificity. Methoxide ion induces rearrangement with 
elimination of the halide, and protonolysis gives the alkene: 


Br cee a 
rR R R" a ay 
R—==—Br R'R"BH A B MeO RZ OMe 
H ob 
RAR AcOH RAR 
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For (Z)-alkenes, hydroboration of the alkyne itself is followed by treatment 
with iodine and alkali. It is believed that rearrangement occurs within an iodo- 
nium ion, from which (Z)-alkene is formed by elimination via an antiperiplanar 
transition state: 


H 
ae 2 - SR" 
ey R'R"BH RY Agh OH RAB EO 
H R H oR 
Ir> H BR"(OH) R' H 
| IA, NF 
ee RY Ne = 7 OR = X = ~BR"(Oh) 
H BR"(OH > + 
(OH) RH RH 
R 
“ R' H R' 
OH™ N A. R 
RH H 


In some instances, thexyl groups migrate in this reaction. 


(iii) Synthesis of conjugated dienes. The principle in the formation of (E)- 
alkenes can be applied to making (£,£)-dienes; the rearranging group is alkenyl: 


R Cl 
R= thexy!-BHa — R—==—-H 
H BH-thexy! 
= MeO” AcOH RAZA 
penetins tne Sa Oo” . 
__ Btheny) RAAgR OR 
R' 
(E,Z)-dienes can be made via enynes by a route corresponding to that for (Z)- 
alkenes: 
H B 
R—==-+H SiaoBH PA asian R—==—Li sisi 
H 
H | 
R’. 


R' 
Ry 
le aw 1) SiagBH R ow, 


2) base H R’ 2) ACOH 
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Finally, (Z,Z)-dienes can be made from diynes, 


R' 
R= R' 1) 2 SiagBrl ZA 
2) ACOH a 


R 


(iv) Synthesis of bromoalkenes. When catecholborane is used to hydroborate 
an alkyne, treatment of the adduct with bromine and base does not result in 
rearrangement as above. Instead, a (Z)-bromoalkene is formed, probably by anti- 
addition of bromine followed by an anti-elimination: 


0. R' SS 
CL a R ea 
1 raed B 3 
cae 0 A> ij: Br ar 
H | AH 
Br R’ Z Br RF Br 
7 ar os MeO” A eomm ane RAR 
db, 1 / RH 7 H 


1. How would you employ phosphorus-, sulfur-, or boron-containing reagents in Problems 
the synthesis of the following?: 


(a) Ph (b) Ph.o™~ OH 
Ph7 S 
(c) 7 ay yh 
Ph~ ~CHO O 
(e) Me (f) Me 
Ph Ae ae Sieiiee 
re) 
(g) Ph Ph (h) Ph 
ae Me" \/ 
(i) H H (/) Me o 
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NH 


2. Rationalize the following reactions: 


ar Me ee ee On 


(5) 0 
Eto),P. SMe, dbase Sme. 
(EtO)sP._SMeg Dy RCHO™ RS SMe2 


(c) ie, : 


; 1) base 
Oo 2) Hy - Ni O 


(d) Me Me 
1) thexy!BH, HOw 
2) AcOH (1 mol) 
3) HzO» - OH™ 


7 ~Me Me~ ~Me 


ae 
R 
3) boat A~™cHo 
4) H20 - Ha? 


; 
? 


(f) 


1) 2 MesSiCH,MgCl, 
then H* 


ie] 2) MegCO-K* 


(8) 9 
a 1) heat HO, CO2H 
+ {| oO 2) peroxyacid O 
4 3)H30° “™CO2H 
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3. What products would you expect from the following reactions? 


SiM 
(a) F = 1) MgB 
2) H20 
Oo 3) KH 
(b) NEF SiMe3 MeCOC! - AICk 
(d ) SiMe, 


Bro / CC 


4, Explain why the ratios of (E):(Z)-alkene are different in the following Wittig 


reactions: 
- + 
CHPPh 3 CHO 
O- OQ - ~O-O- 
NO2 OMe 


CHPPh, CHO 


OMe NO2 


16.1 
Principles 


Photochemical reactions 


The electronic excitations of compounds require quanta of energy which corre- 
spond to wavelengths of electromagnetic radiation lying in the ultraviolet or, 
less frequently, the visible region of the spectrum. When a molecule absorbs 
a photon of the appropriate energy, one of its electrons is raised to an orbital 
of higher energy. The resulting molecule may then take part in a reaction while 
in this, or an alternative, excited state. The reaction so induced may be either 
intramolecular — for example, rearrangement or dissociation ~ or intermolecular — 
for example, addition. Alternatively, the excited molecule may transfer its energy 
to another molecule which in turn undergoes reaction. These variants open up a 
wide range of synthetic possibilities. 

The first requirement, then, is that the reactant should absorb light at a 
wavelength which is experimentally accessible. In practice, the ultraviolet region 
below 200 nm is inconvenient because the radiation is absorbed by air and vacuum 
techniques are required; moreover, normal solvents absorb in the range up to 
220nm. The useful spectrum therefore begins at 220nm. For the ultraviolet 
region, a low-pressure mercury arc lamp has its strongest emission line at 254nm 
which is a wavelength at which aromatic molecules absorb. Broad-band emission 
is in general more useful: it is obtained with a higher pressure mercury lamp, 
which also gives more intense radiation, and wavelengths which might bring about 
unwanted reactions can to some extent be removed by appropriate filters. For the 
visible region, a tungsten lamp or the more powerful xenon arc are suitable. 
Saturated organic compounds absorb only at wavelengths well below 200nm, but 
many unsaturated ones absorb above 230nm, so that photochemical reactions are 
essentially limited to those in which at least one of the reactants is unsaturated or 
aromatic. 

Consider a compound containing a C=C group. Light of the appropriate 
wavelength ~— in the region 180-200nm for compounds with isolated double 
bonds, but of longer wavelength for conjugated systems — causes a n-electron to 
be excited to the lowest antibonding x orbital (i.e. a n* orbital): the transition is 
described as x — x*. The new state of the molecule is described as the first 
excited singlet, 5, (since the promoted electron and its original partner still have 
opposite spins); this particular excited singlet is of (x,x*) type. For compounds 
containing a carbonyl group, two types of excitation are commonly effected: one, 
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which requires the more energy and therefore corresponds to shorter wavelengths 
(e.g. Amax. 187nm for acetone), is a t —> n* transition. The other, which corre- 
sponds to longer wavelengths (e.g. Amax, 270nm for acetone), is an excitation of 
one of the non-bonding electrons on the oxygen atom into an antibonding 1 
orbital; it is described as an n — n* transition and the excited state, S,, is of 


(n,1*) type. 


Energy 


excitation 


lowest vibrational level 
of the ground state 


Internuclear distance 


Figure 16.1 Excitation states. The x-axis is labelled internuclear distance for simplicity. The diagram 
is strictly appropriate for a diatomic molecule. For others a full description would require a multi- 
dimensional representation. 


Figure 16.1 shows a typical situation. Initially, almost all molecules are in the 
lowest vibrational level of the ground state, So. The excitation occurs so rapidly 
that the nuclei do not have time to alter their relative positions; it is therefore 
represented by a vertical line. Consequently, the 5S, state can be reached at a 
point which corresponds to an excess of vibrational energy. However, this energy 
is rapidly dissipated through molecular collisions (vibrational cascade) and there- 
after one of five processes takes place: 


@ The molecule returns to its ground state either by giving up its energy as heat, 
undergoing internal conversion to a high vibrational level of the ground state, 
followed by release of energy in a vibrational cascade, or by emitting radiation 
(fluorescence). As shown in Figure 16.1 the fluorescent light is of slightly 
lower energy (longer wavelength) than the absorbed light. 

@ A chemical reaction occurs. 

® The energy of excitation is transferred to another molecule, which is thereby 


raised to an excited singlet level. 
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dissociation 


Energy 


excitation 


lowest vibrational level 
of the ground state 


——_ 


Internuclear distance 


Figure 16.2 Excitation leading to a point where the excited molecule dissociates. 


@ One of the unpaired electrons in the excited molecule undergoes an inversion 
of its spin, leading to a lower-energy state described as a triplet, 7,, which 
contains two unpaired electrons of parallel spin; this is described as inter- 
system crossing. 

@ In the special case shown in Figure 16.2, excitation leads to a point in S, 
which is above that of the energy curve on the right-hand side; consequently 
the excited molecule, instead of vibrating, dissociates. 


The triplet state may return to the ground state, with a further spin inversion, 
either by emitting radiation (phosphorescence) or by giving up energy as heat; it 
may take part in a chemical reaction; it may transfer its energy to another 
molecule which is thereby raised to the triplet state; or it may dissociate. 

These processes are summarized as follows: 


fluorescence or Sp 
internal conversion 


chemical reaction 
phosphorescence or 


intersystem crossing 


So 


hy 
So ——~ 5S; S + YS) 
chemical reaction 
un 
: Soo + YT) 
fragmentation two species 


fragmentation : 
two species 


The life-times of excited singlets (i.e. the time-lag before radiative return to the 
ground state) are very short (10~°-10~° seconds), so that chemical reactions 
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occurring via these species, despite their high energy, must be exceptionally fast 
and are comparatively uncommon. Conversion into the triplet state occurs with an 
efficiency which varies widely with the structure of the molecule: for benzo- 
phenone, for example, it is a highly efficient process whereas for alkenes it is not. 
The life-times of triplets are relatively long (>c. 10°* seconds for species 
containing relatively light atoms) so that the probability of the triplet taking part 
in a chemical reaction is much higher than for a singlet. 

There are two key features of reactions which occur through excited states 
which underlie their special synthetic importance. First, since the excited state 
usually has a large excess of energy compared with the ground state,* it is often 
possible to effect reactions which, insofar as the ground-state reactant is con- 
cerned, are thermodynamically unfavourable. Second, reaction can usually be 
carried out, if required, at low temperature, so that the product can be formed 
‘cold’. For these reasons, it is often possible to make, for example, highly strained 
ring systems; energy is pumped in as light to overcome the activation-energy 
barrier in their formation, and they are produced in conditions which allow them 
to survive. 

The reactions of excited states, including both singlets and triplets, can 
be classified under the following headings: reduction, addition, rearrangement, 
oxidation, aromatic substitution, and fragmentation. 


Carbonyl! compounds can be converted into 1,2-diols and alcohols by irradiation 
in the presence of a hydrogen-donating compound. Reaction occurs through the 
triplet state of the carbonyl compound which abstracts a hydrogen atom from the 
second reactant, 


Aco A,czo! = RH R,C-OH + RY 
triplet 
The resulting radicals either combine, 
: R R 
2 RoC-OH _— R-—ER 
HO OH 
or abstract hydrogen from the solvent, 
RC-OH + RH —* R,CH-OH +R 


The latter reaction is favoured when R’- is a stabilized radical (e.g. tertiary) 
and the coupling reaction is favoured when R is a radical-stabilizing group (e.g. 
aryl). The coupling reaction is usually most efficient when the hydrogen donor is 


* For example, light of wavelength 300 nm is equivalent to cnergy of c. 400kJ mol’ '. 


16.2 
Photoreduction 
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16.3 
Photoaddition 


itself the alcoholic reduction product of the carbonyl compound, for then only 
one dimeric product can be formed, e.g. 


Ph,C= Oo hv Ph,C=0-1 Ph,CH~OH 


: Ph Ph 
2 Ph,C-OH —- —Ph-}—€ Ph 
HO OH 


Reaction occurs in good yield only when the triplet is of the (n,n*) type; for 
example, it is efficient for benzophenone and acetone, where this is so, but not 
for p-phenylbenzophenone whose lowest triplet state is of (x,x*) type. 

o-Alkyl-substituted aromatic ketones, even though giving (n,n*) triplets, are 
not reduced in this way. In preference, intramolecular hydrogen-atom abstraction 
occurs to give the enol tautomer: 


R 
4 
ot 1) H-transfer # ~OH 
H 2) spin-inversion we 


triplet 


The enol then rearranges back to the more stable ketone, though it can be trapped 
as a Diels—Alder adduct with, for example dimethyl acetylenedicarboxylate: 


HOR 


CO,Me CO,Me 
Oem seme CU OCT 
CO,Me CO.Me 


Photoaddition is the formation of a 1:1 adduct by reaction of an excited state 
of one molecule with the ground state of another. The molecule in the ground 
state is commonly an alkene; the reactant which is excited can be a carbonyl 
compound, quinone, aromatic compound, or another molecule of the same 
alkene. The majority of the reactions lead to the formation of a ring. 


(a) Photoaddition of alkenes to carbonyl compounds 


This photoaddition — the Paterno-Biichi reaction — normally occurs by reaction 
of the triplet state of the carbonyl compound with the ground state of the alkene. 
As in photoreduction, it is more efficient when the triplet is of (n,x*) rather 
than (x,x*) type. Typical examples, which also show the marked variations in 
the yields of products, are the addition of benzophenone to propylene and 
isobutylene: 
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hv A 
PhoC=O + ao 
5% Ph 1) 


“NS 
Ph 
ee hv 
P hc =O + _— raat + 
93% Ph oO Ph O 
Ph Ph 
9 parts 1 part 


The ring is formed in two stages. The excited carbonyl compound (triplet) first 
adds through its oxygen atom to the alkene so as to give mainly the more stable of 
the two possible diradicals. A spin-inversion then occurs and the second bond is 
formed. 


Ph,C=O fe. PhCZOr — -SPid- inversion phcito-4 
Ph wud v [@) 


PhCZO1 + A 


spin - inversion 
ee Ph»y-—O 


Ph Ph 


The reaction is not stereospecific, because the time-lag before the final spin- 
inversion is more than enough for rotation to occur about single bonds; for 
example, cis- and trans-2-butene give the same mixture of cis- and trans-oxetanes 
with benzophenone: 


hv i: 
: ow ve 
Ph 


Ph 


6 parts 1 part 


There is one general circumstance in which photoaddition of alkenes to 
carbonyl compounds fails: namely, when the energy difference between the triplet 
and ground state of the carbonyl compound is greater than that between the 
corresponding states of the alkene. In that event, the excited carbonyl compound 
can transfer its energy to the alkene so returning to its ground state and giving 
triplet-state alkene. This is then followed by alkene dimerization. For example, 
the energy of the triplet from benzophenone is less than that from norbornene, so 
that photoaddition occurs: 
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h 
> mee vor 
hv 


In contrast, the energy of the triplet from acetophenone is greater than that from 
norbornene, so that irradiation of acetophenone in the presence of norbornene 
yields mainly norbornene dimers. Acetophenone is here described as a sensitizer. 


(b) Photoaddition of alkenes and alkynes to aromatic compounds 


Both alkenes and alkynes undergo photochemical addition to benzene. Cyclo- 
addition occurs to give 1,2-, 1,3-, or (less commonly) 1,4-adducts. Examples of 
1,2-addition are: 


CN ‘| CN 
hv 
Oe om 
H 
CO,Me tY  CO,Me CO,Me 
O ° | ‘ CI] Be Me 
CO,Me H CO2Me 2 
O 
RN re 
ie) HH O | NR O 
H H O ° 
NR 
oO 


In the second example, the very strained cyclobutene undergoes a spontaneous 
electrocyclic ring-opening reaction. In the last, the photochemical 1,2-addition to 
the benzene ring, which is initiated by n — 1* excitation of the maleimide, is 
followed by a spontaneous 1,4-addition of Diels-Alder type to the resulting 
1,3-diene. 

Some alkenes react with benzene by 1,3-addition. It is thought that the 
key intermediate is prefulvene, which is also considered to be involved in the 
photoisomerization of benzene (p. 510) and is believed to arise from a high 
vibrational level of the first excited singlet of benzene, e.g. 
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Go-a-9d 


prefulvene 


This reaction is of value in the synthesis of complex structures. The following 
examples show also its stereospecificity. 


coneeny 


1,4-Addition to benzene is also known; it occurs when a mixture of benzene 
and a primary or secondary amine is irradiated, and involves the 7, state of 
benzene, e.g. 


i) _EtoNH 
2) intersystem crossing 


i 


H NEt, 


(c) Photodimerization of alkenes, conjugated dienes, and aromatic compounds 


A special case of photoaddition is the formation of a 1:1 adduct by reaction of an 
excited state of one molecule of a reactant with another molecule of the same 
reactant in its ground state. This process - photodimerization — occurs with both 
alkenes and aromatic compounds. Depending on the structure of the reactant and 
the conditions of excitation, the excited state may be a singlet or a triplet. 

Since non-conjugated alkenes absorb only in the difficultly accessible region 
below 200 nm, their unsensitized photodimerizations are comparatively little used. 
Reaction in this case occurs through the excited singlet S, and is concerted. 
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Reference to the earlier discussion of such reactions (p. 281) shows that the 
photochemical [,2 + 2] cycloaddition is symmetry-allowed, e.g. 


R R 
j ” - oe 
rad &® Ver + 
R 


Because of the experimental difficulty, alkene photodimerization is better ac- 
complished through the triplet state, this being generated with a photosensitizer. 
For example, acetophenone has Amax. 270nm and its S, state undergoes inter- 
system crossing to T; efficiently; interaction of this species with the alkene then 
gives singlet sensitizer and triplet alkene: 


energy exchange on collision 


Ss; te 
- | 
So (PhCOMe) { So (alkene) 


The molecule in its triplet state adds through one carbon atom to a carbon atom 
of a second molecule of alkene and, after a spin-inversion, formation of the ring is 
completed. 

Conjugated dienes do not undergo photodimerization through the excited 
singlet but instead undergo photocyclization (p. 506). However, photodimerization 
can be effected through triplet sensitization. Mixtures of products are often 
formed, as in the dimerization of cyclopentadiene in the presence of benzophenone: 


‘ Q PheCO AQ ‘ ron + Uy 
330 nm 


Here, the first two products represent [x* + 17] addition and the third represents 
a [x? + n*] addition. The three are formed in approximately equal proportions. 
whereas the concerted thermal dimerization of cyclopentadiene gives entirely 
endo-dicyclopentadiene (p. 273). 

Benzene does not form a photodimer, but polycyclic aromatic compounds can 
do so. For example, anthracene dimerizes through its excited singlet (x,x*) state: 
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Light can effect rearrangements which lead either to structural isomers (where 
groups or atoms in reactant and product occupy entirely different positions) or to 
valence-bond isomers (where groups or atoms essentially maintain their relative 
positions but the bonding framework changes). These reactions provide the 
commonest general methods, and certainly often the shortest, for synthesizing 
highly strained compounds. 


(a) Cis—trans isomerization 


This provides the simplest case of light-induced structural isomerism. Examples 
are: 


PhAp t= Prd 


Ph 
Ph. oN Lee 2N 
~yeNnp, SEE Pigs 
Isomerization can occur because the n-bond, which normally prevents it, is lost 
in passage to the excited state. Here, the two sets of substituents tend to occupy 
mutually perpendicular planes, e.g. 


so as to minimize the repulsive forces between them. Consequently, when the 
molecule returns to the ground state, it can do so by twisting in either of two 
directions, to give both cis- and trans-isomers. 

The usefulness of the reaction resides in the fact that the final mixture is usually 
richer in the less stable cis form. For example, trans-stilbene gives the cis- and 
trans-isomers in relative amounts of c. 10:1. This is because, at most wavelengths 
that are used, the érans-isomer has the greater molar decadic absorbance, i.e. the 
trans-isomer is excited more frequently than the cis and, even though de-excitation 
may give trans-isomer faster, the overall rate of formation of the cis-isomer is 


16.4 
Photo- 
rearrangement 
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usually greater than that of the trans so that the equilibrium constant (the ratio of 
the two rate constants) >1.* 

Even the highly strained trans-2-cycloheptenone (the smallest ring made 
that contains a trans-C==C bond) can be isolated at low temperatures by the 
irradiation of the cis-isomer: 


(ro Cao 


In this case, the non-planar C—C—-C==O chromophore in the trans-isomer has 
the smaller molar decadic absorbance so that it is the cis-isomer that reacts the 
faster. 


(b) Intramolecular photocyclization 


Many dienes and polyenes are converted photochemically into cyclic isomers. 


(i) Conjugated dienes. When the excited singlet is involved, reaction is of the 
concerted, electrocyclic type and is stereospecific; its course can be rationalized by 
the orbital-symmetry principles outlined earlier (p. 285). 

For example, irradiation of trans,trans-1,4-dimethyl-1,3-butadiene gives entirely 
cis-3,4-dimethylcyclobutene by disrotatory ring closure, 


wa ive ZZ {> 
Sy 


and trans,trans-1 ,6-dimethyl-2,4,6-hexatriene cyclizes with conrotatory motion: 


ot... es 
fo “ny 


These reactions are reversible, and an early example of their synthetic utility 
was the electrocyclic ring opening which occurs on the irradiation of ergosterol, to 
give precalciferol: 


CgHy7 CgHy7 


HO 
ergosterol precalciferol 


* The condition for this is that the ratio of the molar decadic absorbances > the ratio of the rates at 
which the excited state forms trans- and cis-isomers. 
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Highly strained compounds can also be made in this way; for example, 
irradiation of cyclopentadiene gives bicyclo[2.1.0|pent-2-ene [6]: 


HOH 


(ii) 1,4-Dienes. Unless a conjugating substituent such as an aryl group is 
present, triplet sensitization is required. The reaction (Zimmerman rearrange- 
ment) results in formation of a vinylcyclopropane, 


{\ tee SA <— ry, 
= - ssi in r<| 


For example, norbornadiene gives quadricyclane in 70-80% yield with aceto- 


phenone as sensitizer [6], 
a> ‘ wkd 
Z ——— ——- 
PhCOMe iF 
ge _spin-inversion c= 
1° aA 


quadricyclane 


<i 


and barrelene likewise gives semibullvalene: 


- on eee ee 
_intersystem Jee = 
“crossing. 


An analogous rearrangement occurs with By-unsaturated aldehydes and ketones, 


semibullvalene 
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Reaction of this type on an enantiomer of bicyclo[2.2.2]oct-S-en-2-one gives an 
enantiomerically pure tricyclic compound which has been used as an asymmetric 
building block in the synthesis of natural products: 


‘a 
: z 
ip 
| 
ie 


(iii) Cage compounds. Sequences which include photocyclization are used in 
assembling cage compounds. For example, cyclopentadiene adds readily to p- 
benzoquinone in the thermal [,4 + ,2} manner, and irradiation of the product 
then effects ring closure: 


fe) 
Q heat Z fe) iv 
a —_— 
fe) 
O 2 oO 


Again, irradiation of dicyclopentadiene yields a cage-like compound: 


7 hv gy 


A synthesis of cubane is based on the latter reaction: 


oO 
oO Br CO3H 
°) Br : 
Br hy OW 
a — AQ = 
Br CO.H 
Br i) 


Oo 


The dimerization of 2-bromocyclopentadienone occurs spontaneously. The ir- 
radiation step is best carried out on a ketal derivative of the dimer from which the 
keto group is subsequently regenerated by hydrolysis. The successive base-induced 
ring contractions are reactions of Favorskii type (p. 449). The cubanedicarboxylic 
acid has been converted into cubane itself by heating the t-butyl peroxyester 
(from the acid chloride with t-butyl hydroperoxide) in cumene; homolysis of the 
peroxide bond is followed by decarboxylation and uptake of a hydrogen atom 
from the solvent: 
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R OH Ry Org K heat REO + . oX 
QO 


0 Oo 
R ° CO2 R: PhCHMe2 | RH + ok 
ie) 


(c) Sigmatropic rearrangements 


A suprafacial 1,3-alkyl or 1,3-acyl shift in an allylic system is symmetry-allowed as 
shown by examination of frontier orbitals, e.g. 


For example, eucarvone undergoes photochemically induced disrotatory ring 
closure followed by a 1,3-acyl shift: 


lz 
BS 

“ 

| 

Ms 


eucarvone 


(d) Cyclohexadienones 


The photochemical rearrangement of a cyclohexadienone was first observed with 
a-santonin over 150 years ago: 


a-santonin lumisantonin 


The essential features of the rearrangements are: 


GQ = = 
oS 0 , 


Analogous reactions occur also with aB-unsaturated ketones. 
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(e) Photoisomerization of benzenoid compounds 


The irradiation of benzene itself brings about a low conversion into fulvene and 
benzvalene; the latter slowly reverts to benzene. Prefulvene is thought to be an 
intermediate: 


Osos oO aq 6 


prefulvene fulvene benzvalene 


Substituted benzenes give other strained systems. For example, a Dewar 
benzene can be obtained from 1,2,4-tri-t-butylbenzene, 


CMe; Me,C 
CMe3 Me,C 
hv CMe3 
L 
CMe, 


and a prismane from 1 ,3,5-tri-t-butylbenzene: 


CMe3 
CMe3 


Me3C CMe Me3C CMe, 


In these cases, the products are thought to arise from a ‘bent’ triplet state, 
represented for simplicity for benzene: 


1. 
a A ery 
§) 
1 ° 
prismane 


Dewar benzene itself has not been made directly from benzene, but it has been 
prepared via a disrotatory electrocyclic ring closure: 


Hu 2 H 
Che hy Po(OACI, ~fQ 
Ho fe) 
fe) 


On irradiation, Dewar benzene gives prismane. 
Benzvalene, Dewar benzene, prismane, and their derivatives are all thermally 
labile to varying extents, ultimately reverting to benzenoid compounds. For ex- 
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ample, Dewar benzene itself has a half-life of about 2 days at room temperature.* 

Some of these species are also thought to be intermediates in photochemical 
reactions which lead to benzenoid isomers. For example, the irradiation of o- 
xylene gives mixtures containing the meta- and para-isomers, probably as follows: 


Me Me 
Par ecneeney Me —_— 
Me Me 
Me 
hy 
Me Me 
Me 
Me 
16.5 
(a) Formation of peroxy-compounds Photooxidation 


Certain types of peroxy-compound can be formed by irradiating the parent 
organic compound in the presence of oxygen and a sensitizer. Reaction occurs by 
the excitation of the sensitizer to its triplet state, and thereafter in one of two 
ways: cither the triplet abstracts a hydrogen atom from the substrate to form a 
radical which then reacts with oxygen, or it interacts with the oxygen molecule so 
as to activate it. 

The best-known example of the first type of reaction is the oxidation of a 
secondary alcohol to give a hydroxy-hydroperoxide, with benzophenone as the 
sensitizer. The triplet benzophenone reacts with the alcohol to give a carbon 
radical (cf. photoreduction, p. 499) which adds oxygen: 


PhCEOt + RCH-OH —= Ph,C-OH +  R,C-OH 
triplet 
oO 
° 1 
RC-OH + O —= AG 
OH 


A chain reaction is now propagated: 


RoC. + | R,CH—OH —- RoC +  R,C-OH 


*The existence of Dewar benzene even for this time is remarkable, considering the strain inherent in 
the compound on the one hand and the aromatic stabilization energy to be gained from its conversion 
into benzene on the other. The significant fact is that the thermal concerted conversion into benzene is 
symmetry-forbidden. 
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RG-OH + Op —=> RoC 


The usefulness of the reaction lies in the fact that hydroxy-hydroperoxides 
readily eliminate hydrogen peroxide to form carbonyl compounds: 


H _— R2CO + H202 


In the second type of sensitized oxidation, the sensitizer in its triplet state 
interacts with the triplet oxygen molecule, i.e. the ground state of oxygen”, to 
give singlet oxygen, 'O2, i.e. an excited oxygen molecule, while the sensitizer 
returns to its ground state, So. Singlet oxygen then interacts directly with the 
organic substrate. The common sensitizers are dyes such as fluorescein and Rose 
Bengal (a halogenated fluorescein). 

Three types of oxidation can be brought about in this way. First, conjugated 
dienes yield cyclic peroxides in a reaction of Diels-Alder type. Examples are: 


co: 2 2S 
OCD = aes 


The usefulness of the reaction lies in the reducibility of the peroxides to diols: 


oO H OH 


* That the ground state of O, is a triplet can be readily understood by constructing moiccular orbitals. 
Its highest occupied orbitals are the m*2p; each contains one electron, and the two electrons have 
parallel spins. The lowest singlet state is only 92.4kJ mol™' higher in energy. Singlet oxygen can also 
be made by non-photochemical reactions, e.g. 


—-  (RO_PO + 'O, 


(RO)3P + O34 — | one fe) 
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Second, alkenes with an allylic hydrogen atom form hydroperoxides, probably 
as follows (cf. the ene-reaction, p. 295): 


H Orso ROH 


PRA, se pare 


R 


The products can be reduced to allyl alcohols. 
Third, alkenes with no allylic hydrogen form dioxetans which, on warming, 
yield carbonyl compounds: 


R,C=CR 02, R,C—CR, heat 2R.CO 
2 2 sens. é é 2 


(b) Oxidative coupling of aromatic compounds 

Although the irradiation of cis- or trans-stilbene in the absence of oxygen gives 
simply a mixture of the two (p. 505), in the presence of oxygen phenanthrene is 
formed. It has been inferred that cis-stilbene photocyclizes reversibly to give a 


small proportion of dihydrophenanthrene which, in the presence of oxygen, is 
oxidized irreversibly to phenanthrene: 


Ph 
Ph hv cS 
Ph7S~ = koh = 


YP = AH 


Compounds related to stilbene react analogously, providing a useful method for 
obtaining polycyclic systems, e.g. 


a 
on 
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Photochemical 


aromatic 


The distribution of a charge in a species in an excited state can be wholly different substitution 


from that in the ground state and especial use has been made of this difference in 
controlling the positional selectivity in nucleophilic aromatic substitutions. For 
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example, when 3,4-dimethoxynitrobenzene is heated with hydroxide ion, the 4- 
methoxy substituent is replaced, whereas when the reaction is carried out at room 
temperature under ultraviolet irradiation it is the 3-methoxy substituent which is 


replaced: 
oO OMe OMe _ 
OMe ae OMe “on fe) 
heat hy 
NO, NO, NO2 


In general, an electron-attracting group such as nitro renders the ortho and 
meta positions positive relative to the para position in the excited state, whereas 
the ortho and para positions are positive relative to the meta position in the 
ground state. With an electron-releasing substituent, the converse obtains: in the 
ground state, the ortho and para positions are negatively charged compared with 
the meta, whereas in the excited state the ortho and meta positions are negatively 
charged relative to the para position. 

Other examples which illustrate these effects in photoactivated nucleophilic 
substitution are: 


OMe OMe 
aoe . + NO> 
NO, OH 
OMe OMe 
CN" en 2 
+ (H_ ) 
NO, NO, 


Compared with the first example, the thermal reaction causes displacement of the 
methoxy group; compared with the second, it leads to cyanation ortho to the nitro 
group. 

There are so far hardly any examples of photoactivated electrophilic sub- 
stitutions in which the substituents have the opposite effects to those in thermal 
reactions. However, in electrophilic deuteriation with CH;CO,D, methyl and 
methoxyl groups direct mainly meta and ortho, and nitro directs mainly para, e.g. 


NO, NO, 


QO us00,0_ +  MeCOH 
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In order for light to bring about the fragmentation of a compound, two conditions 
must be met: the wavelength of the light must correspond both to an energy 
greater than that of the bond to be cleaved, and to an electronic excitation of the 
molecule concerned. This effectively eliminates saturated organic compounds 
since, although they have weaker bonds than correspond to typical, accessible 
ultraviolet wavelengths, they do not absorb in this region. For example, ethane is 
unaffected by light of wavelength 300 nm even though this is equivalent to a larger 
energy (c. 400kJ mol™') than the C—C dissociation energy (347kJ mol~'); and 
methyl iodide is essentially unaffected by light whereas iodobenzene, having an 
aromatic chromophore, dissociates into phenyl radicals and iodine atoms. 

In general, then, fragmentation is characteristic of certain unsaturated organic 
compounds together with inorganic compounds such as the halogens. In many 
instances, the same fragmentation can be brought about by heat and these are 
considered in the following chapter: examples are the fragmentation of peroxides, 


€.g. 


and nitrites, 
Rio-Nsy RO + NO 


In this section attention is restricted to carbonyl compounds — where the photo- 
chemistry is not paralleled thermally - and to aliphatic diazo-compounds. 


(a) Photolysis of carbonyl compounds 


The n -> n* excitation of aldehydes and ketones can bring about two types of 


fragmentation. 
First, fragmentation can occur of the C-—C bond adjacent to carbonyl: 


R__UR' R 
ug “ yy + & 
oO 
This is termed the Norrish Type I process, and is followed by one or more of 


three reactions: disproportionation to give a ketene, 


R R R 


ay? Lm RN. a now, + RH 


re) is) 


decarbonylation and then dimerization and/or disproportionation, e.g. 


16.7 
Photochemical 
fragmentation 
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R R ive OR a ea 
ee “~ 


R~~p 
2 RU 
RA + RLY 


or intermolecular hydrogen-atom abstraction by the acyl radical, 


R R’ Lee R-* + ral 
a i 
fe) 
ae a, ee al 
fe) fe) 


Second, if the carbonyl compound contains a y-CH group, intramolecular 
hydrogen-atom abstraction can occur: 


H p» 
fe) H ., HR 


HR : 
aR cue yee —- ° 
R R 
This — the Norrish Type II process — is followed by fragmentation, 


H 
ati eH HR’ 


¢ = 1°) T 
RWwes mN + } 


R 


or by ring closure, 


The Type I process occurs more readily in the vapour phase than in solution; 
under the latter conditions, it is thought that the two radicals usually recombine 
within the solvent cage in which they are formed, and the process is usually 
significant only when the alkyl radical formed is of the relatively stable tertiary or 
benzylic type. 

Which of the two types of product is formed by the Type II process depends 
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markedly on the substitution at the carbon atom adjacent to carbonyl. For 
example, in the following case, 


the extent of cyclization relative to fragmentation is 10% when R = H and 89% 
when R = CH3. 

The photochemistry of the smaller cyclic ketones is dominated by the Type I 
process, followed by intramolecular reactions: 


& 
oS 


CE) ‘ 
—_— 


: 
: 


3 parts 1 part 


(6) Photolysis of compounds containing the =N=N group 


(i) Diazoalkanes. The irradiation of diazomethane in ether gives methylene in 
its singlet state: 
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CH2N2 am CH % No 


Methylene is highly reactive, inserting into both unsaturated and saturated 
bonds; its synthetic usefulness is therefore limited. However, suitably substituted 
methylenes — carbenes* - are relatively stable as a result of delocalization, e.g. 


? + 
ou — ae cas H 


ce) Oo 


MeO 


and are consequently much more selective. For example, whereas methylene 
inserts into both primary and tertiary C—H bonds in 2,3-dimethylbutane, 
carbomethoxymethylene reacts almost solely at the tertiary position: 


CO,Me 
AY :CHCO2Me 


The most useful reaction of carbenes is with alkenes to form cyclopropane 
derivatives. When the carbene is generated in its singlet state, by direct photo- 
lysis, its insertion into the double bond is essentially stereospecific. For example, 
cis-2-butene and dicarbomethoxymethylene give almost entirely the cis-dimethyl- 
cyclopropane: 


ae i :C(COzMe)2 H H 
MeO,C CO,Me 


However, when the carbene is generated by photolysis in the presence of a triplet 
sensitizer, it is formed in its triplet state and the stereospecificity is lost; for 
example, cis-2-butene gives largely trans-dimethylcyclopropane. This is because 


* Carbenes can be generated from hydrazones and arenesulfonylhydrazones, e.g. 


t wo. me 
bv 
ve /NH me Pe Ph2C: + No 
Ph N Ph N SH 
‘ R' 
oe . base ie N -ArSOz 
R N~ ~SO,Ar R N* ~SO2Ar 


N} Eales RRC: + Np 
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there is a time lag between formation of the two C—C bonds during which spin- 
inversion occurs and this allows rotation about the original C—C bond: 


Me.,, doMe ", w 
Me, _..Me HCOzMe)2 H "YH = _spininversion =H H 
H® were, YH . af 
MeO.C CO,Me 


Me.,, AH Me.,, wH 
H Me _ spin-inversion H Me 
A 
MeO,C CO.Me MeO,C CO,Me 


Carbenes also react with aromatic compounds. For example, irradiation of 
diazomethane in benzene gives about 30% of cycloheptatriene; addition across 
C=C is followed by a spontaneous Cope rearrangement: 


92 2-0 


However, this is not nearly so efficient a reaction as a non-photochemical process 
in which benzene and diazomethane react in the presence of copper(t) ion. It is 
thought that a copper-carbene complex is involved. 

The carbenes from a-diazoketones have the special property that they undergo 
rearrangement faster than they are trapped by, for example, alkenes. Rearrange- 
ment gives a ketene which can be trapped by an alkene and this forms the basis of 
a method for synthesizing four-membered rings, e.g. 


Ph 
Ph Ph Ph Ph 
Ph 
Ph ANS « Mme Pr ane oP Ph Pn ly 
Ney “Na N O7 _ 
ie) ie) O 


A variant of this reaction is the ring contraction of carbenes from cyclic a- 
diazoketones, e.g. 


ig h : COM 
wv, aan = MeOH Me 
Ch te OG — Ome me Ox 
SN 


Some highly strained small-ring compounds have been made in this way, e.g. 


CO2Me 
Nee hy 
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(ii) Alkyl azides. The photolysis of an azide gives a nitrene, 


CO2Me 


RN=N=N ZORA +N 


which can undergo a variety of intra- and intermolecular reactions: 
intermolecular hydrogen-atom abstraction, 


Rik + RH —= RNH + = AS 


[1,2]-hydrogen shift, 


R,CH-N: — R,C=NH 
addition to an alkene 
Ri, oH 
RN: + oS = uN 
f 
and coupling, 
2 RN: — RN=NR 


Synthetically, the most useful process is that involving abstraction of 5-H 
followed by cyclization, for this enables functionality to be introduced at an 


unactivated CH group which is stereochemically suitably placed (cf. p. 553). 
Alkenyl and allyl azides give nitrenes which undergo intramolecular addition to 


give highly strained compounds, e.g. 
R R 


R 
ANet ive Ai omen’ /\ + RN=C=CH, 
Nag N 
N 
ty N 
ene cL LS fh: rns V 
“N 
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1. Draw the structure of the chief product formed by ultraviolet irradiation of | Problems 
each of the following: 


(a) C4) (b) 
H 


HH 
(c) Me (d) H OMe 
| SO. 
Me 
(e) O (f) HO,C Ay OOH 
or 
SN7 
(g) (h) Me 
OD cy" 
(i) OMe (i) 
So ae : Ph Me 
oO 
NO. 
(k) Ph (2) Ph Ph aS 
~ y 


2. Rationalize the following reactions: 


() 
2 


(i) 


O Me 
Me ie 
Me ; Z 
o 0 Me O 
ie) 
& 4s 
-CO 
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(iii) - 
0 | 
Me 
() aan 
ie) 


6G 
CD, 


Free-radical reactions 


A few organic free radicals are relatively stable. For example, the triphenylmethyl 
radical, generated from bromotriphenylmethane by reduction with silver, lives 
indefinitely in benzene solution in equilibrium with a dimer: 


2 Ph3C + = » 
B Ph 


Its stability is accounted for in part by the delocalization of the unpaired electron 
and in part by the steric forces inhibiting its reactions, for the conversion of the 
planar tervalent carbon atom into a tetravalent atom involves the compression of 
the three bulky phenyl groups. Indeed, dimerization gives a compound in which 
the aromatic stabilization energy of one ring has been sacrificed to retain one of 
two tervalent carbon atoms, in preference to yielding the fully aromatic but more 
sterically congested dimer, Ph;C-——-CPh3. 

In the absence of significant stabilizing influences of a steric and/or electronic 
type, free radicals are very unstable, living for only a fraction of a second before 
reacting with another species. Nevertheless, they are intermediates in a wide 
variety of reactions, of which many have important applications in synthesis. 


(a) The generation of free radicals 


Three general methods are used to form free radicals. 


(i) Thermal generation. The principles have already been described (p. 72) 
and will be summarized briefly. 

Two types of compound undergo dissociation into free radicals at moderate 
temperatures: (1) compounds which possess an intrinsically weak bond, such as 
dialkyl peroxides (Do_c¢ = 155kJ mol” '), chlorine (Dg—c = 238kJ mol~'), and 
bromine (Dg,—p, = 188kJ mol~'); (2) compounds which, on fragmentation, form 
especially strongly bonded products, such as azobisisobutyronitrile (AIBN) which 
yields N2: 


17 


17.1 
Principles 
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and peroxyoxalates which yield CO, e.g. 


0 
ee ae —_— 2 x + 2 CO2 
Oo 


In each case, the presence of a substituent which stabilizes a resulting radical 
increases the rate of decomposition. For example, azomethane is stable up to 
200°C whereas azobisisobutyronitrile decomposes with a half-life of 5 minutes at 
100°C, to give a delocalized radical, 


\-c=n = \eo=i 


Again, t/2 for dibenzoy! peroxide (30 minutes at 100°C) is far less than for di-t- 
butyl peroxide (200 hours at 100°C) since the former gives a delocalized radical, 


ce) 


fe) O° 
a Agr Pn ans > a Se Pit 
Oo 


which subsequently decarboxylates to give the phenyl radical: 


PhCO," — Phe + CO, 


(ii) Photochemical generation. The principles have been described (p. 515). 
The method is suitable, for example, for generating chlorine or bromine atoms 
from the corresponding halogen molecules, alkoxy radicals from alkyl nitrites or 
hypochlorites, 

Rro-Nsg RO: + NO 


hv 
—_ 


RO-Cl RO- + Cl: 


and nitrogen cation-radicals from protonated N-chloroamines: 


+ aa 
R,NH-cl “> =H + CC 


(iii) Redox generation. Some covalent bonds may be broken by the acceptance 
of an electron from a species of powerful one-electron-donating type, others may 
be broken by the donation of an electron to a powerful one-electron acceptor. 


FREE-RADICAL REACTIONS 


In the first group, the donor may be a strongly electropositive element such as 
sodium, as in the acyloin reaction (p. 550), 


Eto OEt 
E 
2 RO r Toate R->—tR — etc.; p. 550 
Oo o oO 
and in other metal-reducing systems (p. 636), or a low-valence transition-metal 
ion, as in Fenton’s reaction in which hydroxyl radicals are formed, 
a+ 


Feet + HO-OH —= Fe + Ho: + OH 


In the second group, the acceptor is usually a transition-metal ion in a high- 
valence state, such as hexacyanoferrate(i) ion in the oxidation of certain 
phenols, e.g. 


fe) 
Me,C CMe Me3C CMe oe ans 
KaFe(CN)g etc 


Me3C. CMe, Me3C, CMe, 
Simerization o_} (\-0 O = S&S O 
Me,C CMe Me,C CMe 


(b) The reactions of free radicals 


Radicals normally react in one of three ways: by abstracting an atom from a 
saturated bond; by adding to an unsaturated bond; and by reacting with other 
radicals, leading to either combination or disproportionation. A fourth class of 
reaction, rearrangement, is relatively rare. There is no analogue of the Sy2 
reaction, that is, one radical does not displace another from saturated carbon. 


(i) Abstraction. Free radicals react with saturated organic compounds by 
abstracting an atom, usually hydrogen, from carbon: 


Ro + H-Ri —= R-H + RP 


The selectivity of a free radical towards C—-H bonds of different types 
is determined principally by two factors: bond dissociation energies and polar 
effects. First, the rate of abstraction increases as the bond dissociation energy 
decreases. The bond dissociation energies for C—H bonds in four simple alkanes 
are as follows: . 
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Bond: H-CHg H-CH,Me H-CHMe, H-CMe, 


Bond dissociation energy 426 401 385 372 
(kJ mol‘) 


Consequently, the order of reactivity is, isobutane > propane > ethane > 
methane, and in general the order is, tertiary C—H > secondary C—H > 
primary C—H?*. Allylic and benzylic C—H bonds (c. 322kJ mol™') are signi- 
ficantly weaker than those in saturated systems because the unpaired electron in 
the resulting radicals is delocalized: 


oN _ AS 


As a result, compounds containing these systems not only react readily with free 
radicals but also react selectively, e.g. ethylbenzene reacts with bromine atoms 
essentially entirely at its methylene group: 


Ph~™ 
Ph —,. Bre 


Ph7 


Halogenated compounds undergo abstraction of a halogen atom. For example, 
bromotrichloromethane reacts by loss of the bromine atom, C—Br rather than 
C—Cl cleavage occurring because the former bond is the weaker. 

Secondly, polar factors are operative in many radical reactions. For example, 
the relative ease of abstraction by chlorine atoms from the C—-H bonds in butyl 
chloride is: 


This results from the fact that the chlorine atom is strongly electronegative and 
preferentially reacts at C—H bonds of relatively high electron density. The effect 
of the chloro-substituent is to polarize the carbon atoms so that the electron 
density is relatively low at the carbon to which chlorine is attached, somewhat 
greater at the next carbon, and greater still at the third, the order of reactivities 
reflecting the fall-off in the inductive effect of chlorine. The lower reactivity of the 
methyl group than the adjacent methylene reflects the bond dissociation energy 
factor discussed above. 


* Expressed differently, the stability of radicals falls in the order, tertiary > secondary > primary. This 
order is possibly attributable to hyperconjugative stabilization (p. 527). 


FREE-RADICAL REACTIONS 


Alkyl radicals, in contrast, react preferentially at sites where the electron 
density is low; they are described as nucleophilic radicals. 


(ii) Addition. Free radicals add to the common unsaturated groupings. The 
most important of the unsaturated groups in free-radical synthesis is the 
C=C bond, addition to which is markedly selective. In particular, addition to 
CH2==CHX occurs almost exclusively at the methylene group, irrespective of the 
nature of X: 


a* 


Y* 
R 
Two factors are responsible. First, steric hindrance between the radical and X 
slows reaction at the substituted carbon atom. Secondly, X can stabilize the 
radical RCH,—CHX relative to the alternative -CH,—CHXR*, and this is 


reflected in the preceding transition state. The following relative rates of addition 
of the I-hexyl radical 


CO.Me 
A~CO,Me \#>~cO;Me A~CO,Me 


~_ —- 


ret 0.1 150 


show the effect of steric hindrance at the site of addition and, in the di-ester, the 
stabilizing influence of two delocalizing substituents. 

Alkynes react similarly to alkenes, monosubstituted alkynes reacting preferen- 
tially at the unsubstituted carbon. Addition to carbonyl groups is also known, 
but radicals normally react with carbonyl-containing compounds by abstracting 


*If X = alkyl, stabilization may be the result of (hyperconjugative) delocalization, €.g. 
‘H 
RN RS 
If X is an unsaturated substituent or a substituent with one or more pairs of p-electrons, stabilization 
results from (conventional) delocalization, e.g. 


R “~~ -No ae R7 ~o- 


+ 
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hydrogen from a saturated carbon atom or from —CHO in an aldehyde. The 
lower reactivity in addition of C=O than C=C probably results from the fact 
that more energy is required to convert C=O into C—O (c. 350kJ mol~') than 
to convert C=C into C—C (c. 260kJ mol™’). 


(iii) Combination and disproportionation. Two free radicals can combine by 
dimerization, e.g. 


2Br: . Bro 
2 *CHg => CH3—CH3 
2-™. _ “SN 
by the closely related reaction in which different radicals bond, e.g. 
Et. + Br o— “pr 
and by disproportionation, e.g. 
2Et —= tH + CH=CH, 


These reactions are mostly very rapid, some having negligible activation 
energies. 


(iv) Rearrangement. Free radicals, unlike carbocations, seldom rearrange. For 
example, whereas the neopentyl cation, (CH3);C—-CH7, rearranges to 
(CH3),C—-CH,CH3, the neopentyl radical does not rearrange. However, the 
phenyl group migrates in certain circumstances, e.g. 


(e) Oo Ph 
“x Ph RCO a ae Ph rearrangement R ae Ph 
(Ph - migration) 
Ph Ph 


CHO, oe + RCO 


Rearrangements can also occur when they result in the relief of strain in a cyclic 
system, as in the radical-catalyzed addition of carbon tetrachloride to B-pinene: 


CH,CCly CHACCly 


CH,CCl, 
3 “CC ©) Ca + ‘CCly 
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(c) The characteristics of free-radical reactions 


Free-radical reactions may be divided into two classes. In the first, the product 
results from the combination of two radicals, as in the Kolbe synthesis (p. 545), 


Rcoy -2= Rcor S&. aR. 


2R- = R-R 


In the second class, the product results from the reaction of a radical with a 
molecule, as in the photochemical chlorination of methane (p. 530): 


Clo au 2Cl- 


‘CHy + Clo — CH3C) + Cl- 


The fundamental difference between the two types of reaction is that reactions 
in the latter class are chain reactions: that is, the step in which the product is 
formed results in the production of a new free radical which can bring about 
further reaction. Consequently, were it not for chain-terminating reactions, 
one radical could effect the complete conversion of reactants into products. In 
practice, chain-terminating processes inevitably occur: in the example above 
of the chlorination of methane both methyl radicals and chlorine atoms are 
destroyed by the unions, 


*CHyg + “CHg aaaaas a CoHg 


*CH3 + «CI —- CHCl 


Cle + = Cle —_— Ch 


Nevertheless, these terminating steps, although having large rate constants, are 
of relatively low frequency because the concentration of radicals is low so that the 
probability of two of them colliding is small compared with the probability of 
a radical colliding with a molecule of a reactant. Hence the generation of a 
comparatively small concentration of radicals can suffice for extensive reac- 
tion providing that the rate constants for the radical-molecule reactions are 
large enough. Such reactions are sometimes described as being radical-catalyzed 
(although the use of the term catalyzed is misleading because the catalyst, e.g. a 
peroxide, is consumed). 

Radical-catalyzed reactions are susceptible to inhibitors: certain compounds, 
present in low concentration, which are very reactive towards radicals can react 
with the radicals as they are generated to give inactive products. Inhibitors may 
be stable free radicals, such as nitric oxide, which combines with organic radicals 
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17.2 
Formation of 
carbon— 
halogen bonds 


to give nitroso compounds (R- + NO R—NO), or, more commonly in organic 
synthesis, compounds which react with organic radicals to generate radicals of 
such stability that they do not perpetuate the chain. An example of the latter type 
is quinol which reacts to give a relatively stable (delocalized) semiquinone radical: 


OH oF fo) or 
R : 
Or O-O- O-- 

OH OH OH tOH 
The chain-propagating reaction cannot begin until the inhibitor has been 
consumed. Since it frequently happens that alternative, ionic reactions can occur 
between the reactants which are unaffected by the presence of an inhibitor, it is 
necessary to rid the reactants of impurities which might act as inhibitors in order 
to achieve maximum efficiency in a radical-catalyzed process. On the other hand, 
some organic compounds are so susceptible to radical-catalyzed polymerization 


(p. 542) that it is necessary to store them in the presence of an inhibitor which can 
remove stray radicals generated by the action of light or oxygen. 


(a) Substitution in saturated compounds 


(i) Energetics. Radical-catalyzed chlorination and bromination can be carried 
out both in the gas phase and in solution. For a typical chlorination, that of 
methane, the energetics are as follows: 


AH°/kJ mol™! 
Cl + CH, — HCl + “CH =o 
‘CHy + Ch — = CHI + Cl: —101 


That is, both propagating steps are exothermic. They are rapid reactions, so that 
the chain reaction competes very effectively with the terminating steps and the 
chains are long. In light-induced reactions, the quantum yield is high (i.e. one 
photon can lead to the conversion of many molecules of reactants) and in radical- 
initiated reactions only a small quantity of initiator is necessary. 

In the corresponding bromination, however, the first of the propagating steps is 
endothermic: 


AH°/kJ mol! 
Bre + CH, —= HBr + ‘CHy +62 
*CH3 + Bro = CH3Br + Br: —92 


Its activation energy is necessarily at least as great as 62 kJ mol™' so that reaction 
is much slower than in the case of chlorine. As a result, the terminating processes 
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compete more effectively with the propagating step and the chains are short. 
The corresponding reaction with iodine atoms, 
Ir + CH, —_—_ HI + *CHg 

is so strongly endothermic (129kJ mol~') that the reaction is ineffective; indeed, 
alkyl iodides can be reduced by hydrogen iodide to alkanes and iodine. For 
fluorine, both propagating steps are strongly exothermic; reaction is violent and is 
accompanied by the fragmentation of alkyl groups. It is therefore usually better to 
introduce fluorine by indirect means, although several fluorinations have been 
conducted successfully in the gas phase in the presence of nitrogen as a dilutent 
and with metal packing to dissipate the heat. 


(ii) Applications. Radical-catalyzed chlorination and bromination occur readily 
on alkanes and substituted alkanes, both in the gas phase and in solution. Both 
thermal and photochemical generation of the halogen atoms are employed, and, 
for chlorinations, sulfuryl chloride in the presence of an initiator such as dibenzoyl 
peroxide is also used. 


Initiator = —> R: 
SO.Ch + Re -——~ ~~ RCI + -SO.Cl 


SO.Cl1 m= SO, + Cli 
propagation Ck + RH —~ 4#HCl +t R- 


R- + SOCh —= RCL + -SOLCI 


Although both the bond dissociation energy factor and the polar factor provide 
some selectivity in chlorinations, a mixture of products is normally obtained. For 
example, the chlorination of isobutane in the gas phase at 100°C gives comparable 
quantities of isobutyl chloride and t-butyl chloride, 


a je. A 
ae “HCI me Cl 


and at 300°C 2-methylbutane gives the following products: 
cl 
Dee ore a tT + ye + AL + eee 
Cl Cl 


33.5% 22% 28% 16.5% 


In addition, further chlorination occurs, e.g. methane gives a mixture of methyl 
chloride, dichloromethane, chloroform, and carbon tetrachloride. Nevertheless, 
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these reactions are of great importance industrially because the products can be 
separated by efficient fractional distillation. Their use on the laboratory scale is 
limited, except when only one monochlorinated product can be formed, for this is 
usually readily separated from any unchanged starting material (lower boiling) 
and any dichlorinated product (higher boiling), e.g. cyclohexyl chloride can 
be isolated in 89% yield by treating cyclohexane with sulfuryl chloride in the 
presence of dibenzoyl peroxide: 


Cl 


OC + §0,Ch Peroxide + SQ. + HCI 


Bromine atoms are significantly more selective than chlorine atoms in their 
reactions at primary, secondary, and tertiary C—-H.* For example, the gas phase 
bromination of isobutane gives t-butyl bromide essentially exclusively: 


, + Bp — oe + HBr 


(b) Substitution in allylic and benzylic compounds 


Allylic and benzylic compounds are both more reactive than saturated compounds 
in radical-catalyzed halogenation and react selectively (p. 526). Allylic compounds 
of the type RCH==CH—CH,R’ give mixtures of two monohalogenated products 
because the allylic radical can react at each of two carbon atoms: 


‘ x . 
PLAN | PNA eB 


Benzylic compounds, on the other hand, give only one product because the 
possible isomers, being non-aromatic, are of much higher energy content. 


*This can be understood by reference to Hammond’s postulate (p. 61). Whereas abstraction by Cl- 
from C-—H is exothermic, abstraction by Br- is endothermic. Consequently, the transition state in 
the latter reaction more closely resembles the product (alkyl radical) (i.e. bond-breaking has made 
more progress), so that the factors which determine the relative stabilities of the radicals (tertiary > 
secondary > primary) are of greater significance in determining the relative stabilities of the transition 
states. The relative reactivities of tertiary and secondary C—H are about 2:1 towards Cl- and about 
30:1 towards Br-. 
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In addition to the thermal and photochemical* methods for the chlorination 
and bromination of saturated compounds, N-bromosuccinimide is used for allylic 


and benzylic bromination. It is prepared by treating succinimide in alkaline 
solution with bromine, 


O 6) O 

OH™ fr ei 
NH = NY Br—Br sone N-Br + Br 
e) (@) re) 


N- bromosuccinimide 


and reacts, usually in the presence of a peroxide as initiator, by a chain mech- 
anism; a trace of hydrogen bromide is necessary for initiation: 


oO Oo 
N-Br + HBr —_ Ce + Bro 
10) Oo 


Bro a Bre + RBr 


RON R + BR me aX a + Br 


* Benzenoid compounds can also react by addition with chlorine atoms. For example, the irradiation 
of benzene and chlorine gives a mixture of stereoisomeric hexachlorocyclohexanes, one of which 
(shown) has powerful insecticidal activity (Gammexane): 


CO + 3Ch Me ac + isomers 


Cl 


533 


534 PRINCIPLES OF ORGANIC SYNTHESIS 


Examples of substitution in allylic and benzylic compounds are: 


fe) Br O 
O + on pote @ + or 
O O 


Oo 
: Br 
iN + N-Br peroxide | 1 part 
ce) NNN IY Br 
5 parts 


PhCH, + SO,Clh PocKe. prcu.ci + SO + HCI 
80% 


PhCH, + Br. -Pemxie, PhCH + HBr 
98% 
The bromination of allylic compounds is frequently used in the conver- 


sion of alkenes into conjugated dienes, which are obtained from the allylic 
bromides by base-catalyzed elimination. For example, 3-bromocyclohexene gives 


1,3-cyclohexadiene? 


(c) Addition to C=C and C==C 


Hydrogen bromide adds to C=C and C==C bonds in radical-catalyzed reactions, 
illustrated for propylene: 
Intiator = —- RA 
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Yields are usually good, as in the preparation of propyl bromide (87%) and in the 
following examples: 


——— + HBr peroxide “S 
Br 
88% 
cl oN + HBr peroxide cl “NY Br 
80% 


The bromine atom always adds to the terminal carbon atom (p. 527), so 
that the process is complementary to the ionic addition of hydrogen bromide to 
alkyl- and halosubstituted alkenes in which hydrogen adds to the terminal carbon 
(Markovnikov’s rule, p. 83). The ionic and radical-catalyzed processes are 
competitive and the latter usually occurs the more rapidly. In order to ensure 
that the ionic addition shall occur when required, it is necessary to free the 
alkene from the peroxidic impurities formed when alkenes are exposed to air 
(autoxidation; p. 556) which can initiate the radical reaction. The reaction of 
propyne (above) illustrates another feature of the process, namely, its trans- 
stereoselectivity. 

The other hydrogen halides do not react at C=C bonds in this way, although 
hydrogen chloride is partially effective. The reason is apparent from inspection 
of the energetics of the two propagating steps which, for reaction on ethylene, are 
as follows: 


AH*/kJ mol~! 
Xin HX X+ A XY 4 HX 
ee Xx 7 —_ Xv + X 
F —209 +159 
Cl —101 +27 
Br —42 —37 
I +12 —104 


Only for hydrogen bromide are both these steps exothermic. The reaction of 
hydrogen chloride is slow because of the endothermicity of the reaction between 
the carbon radical and hydrogen chloride, and hydrogen iodide fails to add 
because the reaction of iodine atoms with ethylene is endothermic. 


(ad) Bromo-decarboxylation (Hunsdiecker reaction) 


Treatment of the silver salt of a carboxylic acid with bromine in refluxing carbon 
tetrachloride gives a bromo-compound with elimination of carbon dioxide: 
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RCO.Ag + Bro —= RBr + AgBr + CO, 


The silver salt is prepared by treating an aqueous solution of the sodium salt of 
the acid with silver nitrate. Yields are variable but in many cases are high, e.g. 


that of neopenty! bromide is 62%: 


se 
costa “AQBr, -COp il 
Reaction occurs by formation of the acyl hypobromite and its subsequent 


homolysis. The acyloxy radical loses carbon dioxide and the resulting radical 
abstracts bromine from a second molecule of the hypobromite: 


RCOAg 86+ ~— Bro _— RCO.Br + AgBr 
RCO2Br Seemed RCO, = =+ Br: 


Rco; 22 Rp BOOS RB, + RCOs 


Mercury(u) and lead(1v) compounds react similarly. For example, treatment 
of cyclopropanecarboxylic acid with mercury(1) oxide and bromine gives bromo- 
cyclopropane in about 45% yield [5]: 


2 [>—co,4 + HgO + 281, —> 2 — + 2CO, + HgBry + HO 


(e) lodo-decarboxylation 
Iodides may be prepared by a process analogous to the Hunsdiec <er reaction. The 
carboxylic acid is heated in solution, under illumination, with lea . tetraacetate and 


iodine. An exchange equilibrium between lead-bonded acetate and carboxylate 
groups is established and the acyl hypoiodite is formed and photolyzed: 


4RCOH + Pb(OAc) <==  Pb(OCR), + 4 AcOH 
Pb(O,CR, + Ib —=  PbOCR)2 + 2ACOpI 


RCO, -Y%. RCOS + TF 


RCO, 0% A RCOA Ar + RCOS 
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The yields are in some cases excellent, e.g. hexanoic acid gives 1-iodopentane 


quantitatively. 


17.3 
Formation of 
carbon—carbon 


(a) Addition to C=C bonds 
A large group of synthetically useful radical-catalyzed reactions is based on the 


addition of aliphatic carbon radicals to C==C bonds. The reaction of bromoform 
with 1-butene is illustrative: 


O 
ph + CHBrs ——= PhCOH + -CBrs 
O- 


iN + “CBr. 3 _—— ALE Br. 3 
propagation 


NAB CHBr, S083 CBr3 


The following examples show that moderate to good yields can be obtained 
with a variety of types of starting material: 


Aldehydes: addition of RCO, e.g. 


a: H Saat an peroxide ann 
+ a 
Oo 


Ketones: addition of RCO—CH—R’, e.g. 


16) 
y YneeaOEean peroxide CCS 
+ _—_—_———— 


57% 


Alcohols: addition of R—C(OH)—R’, e.g. 
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Z Qn an™~ peroxide ee na 
OH OH 
28% 


Amines: addition of R—C(NHR’)—R’, e.g. 


Ch. A ee OL ow 
N N 
H H 


Nevertheless, this approach is limited in scope. In each of the examples above, 
one of the two types of C—H bond is significantly more reactive towards the 
abstracting radical than the other: in the case of acetaldehyde, the aldehydic 
C—H bond is considerably weaker than the bonds in the CH; group and in the 
other instances delocalization in the resulting radicals, 


ce) Oo: 
OH tOH 


N N 

H H 
is reflected in the stability of the transition state for hydrogen-atom abstraction. In 
other cases, there may be little selectivity between the various C-—H bonds and 
the yields of individual products are then low. It is therefore in general better to 
use an attacking radical which abstracts a group or an atom other than hydrogen 
in preference to a hydrogen atom and to locate that group or atom in the reactant 
in the required position. Such a radical is tributylstannyl, Bu3Sn-, and the atoms 
and groups which it abstracts efficiently are the halogens (except fluorine), PhS, 
and PhSe. In contrast, since the Sn—H bond is weak, it does not abstract 
hydrogen from C-—-H. This method, while of limited application in inter- 
molecular C—C bond formation, is of very considerable value in the intra- 
molecular analogue. 

Reaction is usually initiated with AIBN, either thermally or photochemically. 
The radical -CMe,CN readily abstracts a hydrogen atom from the weak Sn—H 
bond in tributylstannane, and the chain consists of the following steps (X = Cl, 
Br, I, SPh, or SePh): 


RX + *SnBug = R: + XSnBug (1) 


Rot Ay me RAY (2) 
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RUA, +. HSnBu, — RAy + sn, (3) 
There are also unwanted reactions: 


Ro + HSnBug _— RH + “SnBug (4) 


RAy + Ay — RHA, (5) 


However, these have little effect providing that Y is a group of —M type and that 
the ratio [alkene] :[Bu3SnH] is about 100: 1, for the following reasons. First, alkyl 
radicals are nucleophilic and add to alkenes which contain —M substituents with 
rate constants of c. 10°m~'s~' which is about 1000 times greater than for other 
alkenes and is approximately the same as that for reaction (4). Therefore with a 
high [alkene]: [Bu3SnH] ratio, reaction (4) is insignificant compared with reaction 
(2). Second, the radical RCH,—CHY is electrophilic owing to the presence of 
the —M substituent and the rate constant of reaction (5) is about 10000 times 
smaller than that of (2). 


(i) Intramolecular addition. Internal addition of a carbon radical to C=C does 
not occur to give three- or four-membered rings; indeed, these strained cyclic 
radicals rapidly undergo the reverse of addition: 


However, five-membered rings are readily formed by the tributylstannane 


method, e.g. 
Br *SnBug ~. ocbscnegeee 


In contrast to the intermolecular reaction, a —M substituent is not required on 
the alkene terminus. This is because the entropy of activation for the cyclization is 
much more favourable than for the intermolecular reaction: even without an 
activating substituent on the alkene, the rate constant for the cyclization step is c. 
10°s~!. Since the rate constant for the competing hydrogen-atom abstraction, 


( ; HSnBug ( } + *SnBu3 
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is c. 10°m™'s™', cyclization predominates providing that [Bu;SnH] is less than 
about 0.05 m. 
There is a further competing reaction: formation of the six-membered ring, 


i - O 


However, in spite of the fact that the five-membered cyclic radical is somewhat 
more strained and that it is a primary radical whereas the six-membered isomer is 
a secondary radical, six-membered cyclization occurs at only about one-fiftieth the 
rate of five-membered cyclization. This is an example of a general phenomenon 
and is attributed to a preference for a transition state in which the attacking 
radical approaches the double bond along a plane perpendicular to that of the 


C=C. framework and with an angle between the developing single bond and 


the C=C bond close to the tetrahedral value: 


This is achieved for five-membered cyclization through the chair-like transition 
state (a) 


(a) 
with less strain than it is for six-membered cyclization (cf. Baldwin’s rules, p. 678). 


There are stereochemical consequences of this: substitutents preferentially 
occupy equatorial-type positions consistent with product distributions such as 


t part 
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Ring closure of the heptenyl radical also gives mainly the exo-cyclic radical: 


ie +0 


6 parts 1 part 


However, the rate constant is about ten-times smaller than that for formation of 
the five-membered exo-cyclic radical so that reduction competes more effectively 
and the method is correspondingly less valuable in synthesis. 

The use of PhS and PhSe substitutents, e.g. 


R-SePh + <SnBuy —> R- + PhSe—SnBu, 
instead of a halogen is desirable when the halogen would be sensitive to the 
reaction conditions in a step preceding cyclization, whereas PhS and PhSe are not. 
Two examples illustrate the power of the tributylstannane method. In the first, 
reaction is induced at a bridgehead, where radical reactions are normally difficult 
because the radical cannot achieve planar geometry: 


_BuySoH | 
AIBN 
Br 
MeO2O—N MeO,C 


The other is a tandem cyclization, the second cyclization of which involves an 


50% 


alkyne: 


H oH 
capneliene 


(ii) Alkenyl and aryl radicals. Both alkenyl and aryl radicals can be generated 
by the tributylstannane method. Each forms exo-cyclic, five-membered rings with 
rate constants of c. 108s~' and, since the rate constants for their abstraction of 


hydrogen from the stannane are c. 10°m~'s~', ring closure competes effectively 
with reduction when [Bu3SnH] < c. 0.2M, e.g. 


wm y - 
‘4a “SnBu3 dj ——- 
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(iii) The Sm(u) method for cyclization. An alternative to the tributylstannane 
method for five-membered ring formation is to form the first carbon radical in 
the sequence as a ketyl by one-electron reduction of a carbonyl group with 
samarium(t) iodide. After cyclization on to a carbon-carbon double bond which 
is attached to a —M group, a second one-electron reduction yields the product 


as its enolate, e.g. 


O ‘ 
Coren iF eae. 
THF - MeOH 


0” {—-CO,Me o =< OH .—CO2Me 
7 < OMe ; 
CO Sml2 2H 
H 
nl 87% 


(b) The polymerization of alkenes 


Many alkenes are polymerized by free-radical initiators. The reaction of a 
monosubstituted alkene occurs as follows: 


Initiator —e R° 


promotions RAY 4 Ay — RLA, 


x 
» 5 R bd . 
termination yh‘ x + R eo 
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combination R 
is mR 
m 


disproportionation 


X x 
RY AA RAL AN 
me xX * ps xX 


Initiation is normally effected by a peroxide or an azo-compound and the chains 
grow until two meet and the reaction terminates by dimerization or dispropor- 
tionation. As the concentration of initiator is increased the number of growing 
chains increases and consequently termination becomes more probable relative to 
polymerization. Hence the average molecular weight of the polymer can be 
determined by adjusting the concentration of initiator. The molecular weight can 
also be controlled by the addition of chain-transfer agents, i.e. compounds which 
react with the growing-chain to terminate it and at the same time themselves give 
radicals which initiate new chains. Thiols are often chosen for the purpose. 


x Xx 
RL ALA + RSH — a, AJ + RS 
m x m 
\ 
R. x 
RS + Sy — s™: —_ etc. 


Polymerization is subject to inhibition (p. 529) and it is advisable to add a small 
quantity of an inhibitor to the more readily polymerized alkenes (e.g. styrene) to 
prevent polymerization during storage. 

Free-radical polymerization is of immense industrial importance. Some of 
the widely used monomers are vinyl chloride (for polyvinyl chloride, PVC), 
styrene (for polystyrene), and methyl methacrylate (CH,==C(CH3)CO Me) (for 
Perspex). The polymerization of a mixture of two monomers (copolymerization) 
can also give polymers with useful properties, e.g. butadiene is copolymerized 
with both acrylonitrile and styrene for the manufacture of synthetic rubbers. 

Ethylene and propylene are not polymerized in this way; Ziegler’s catalysts are 
used (p. 568). 


(c) Homolytic aromatic substitution 


Both alkyl and aryl radicals substitute in aromatic nuclei by an addition- 
elimination sequence: 
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R 


HR HR HR ; 
O Peaks ‘ ] —_ ( | —_ ( } ats + RH 


Alkylation can be effected by heating the aromatic compound with a diacyl 
peroxide or a lead tetracarboxylate, e.g. 


ce) oO 
Modo — 2 Me —»>- 2Me + 2CO, 
Oo 


Pb(OCOMe), —— Pb(OCOMe)2 + 2Me- + 2CO, 


However, the yields are low, partly because the alkylbenzenes are very reactive 
towards free radicals at their benzylic carbon atoms, e.g. the methylation of 
benzene gives toluene which reacts readily with alkyl radicals to give benzyl 
radicals and thence bibenzyl. Since alkylated aromatic compounds can normally 
be obtained through Friedel-Crafts reactions (section 11.3), homolytic alkylation 
is of little synthetic utility. 

Arylation is normally brought about in one of three ways: by the Gomberg 
reaction (p. 416), using N-nitrosoacylarylamines (p. 417), and using diacyl! per- 
oxides such as dibenzoyl peroxide, 


0 O 
2 pata On — 2 ie 


fe) 


O 
Ph = — Phe + CO, 
Yon 


aH ’ 
Phe + ArH ——~ AS on PnCO2" = Ar—Ph = + = PhCO2H 


Yields are rarely above 50% and dimeric and polymeric products are formed by 
processes such as 


H Ph 
% H 
Ph- dimerization H., wH 
. H 


However, the addition of nitrobenzene and related oxidants increases the yield of 
the biaryl from peroxide reactions: for example, biphenyl can be obtained in 
about 80% yield from dibenzoyl peroxide and benzene. The mechanism of action 
of the nitro-compound is complex; effectively it, and species derived from it, such 
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as diphenyl nitroxide, PhyN-——-O-, oxidize the intermediate cyclohexadienyl 
radical and so divert it from dimerization. 

Free radicals are not nearly so selective between different positions in aromatic 
compounds as they are between the two carbon atoms of CH,==CHX. Reaction 
tends to occur preferentially at the ortho position of monosubstituted benzenes 
unless the substituent is particularly large (e.g. t-butyl), and it is understandable 
that ortho should predominate over meta substitution since the former reaction 
leads to a more effectively stabilized radical, e.g. 


O.+.0° Os+.0° 054-0" 0.4.0" 


This cannot be the sole governing factor, however, for then para substitution 
should always predominate over meta substitution since similar conjugating 
influences are present for para and ortho substitution. In practice, more than 
twice as much of the meta as the para derivative is formed in some cases. Some 
typical data for phenylation are shown; the total spread in the relative reactivities 
of monosubstituted benzenes is less than a factor of ten, in marked contrast to the 
spread in electrophilic and nucleophilic reactions where powerful polar effects 
operate. 


Reactivity of PhX 
X in PhX o m Pp (%) relative to benzene 
NO, 62 10 28 3.0 
CH; 67 19 14 1.2 
F Bo) 31 14 1.1 
C(CHs)3 24 49 27 0.6 


Despite the fact that homolytic arylation usually gives a mixture of prod- 
ucts in low yields, it is nevertheless the only readily applicable method for 
obtaining many biphenyls, for Friedel-Crafts reactions are unsuccessful and 
electrophilic substitution in biphenyl is specific only for certain derivatives. 
For example, although 4-nitrobiphenyl can be obtained in about 50% yield by the 
nitration of biphenyl, the 3-nitro-derivative is formed in negligible yield and is 
best prepared from the reaction between benzene and di-m-nitrobenzoyl peroxide 
or m-nitrobenzenediazonium chloride in Gomberg conditions. (The alternative 
route, reaction between phenyl radicals and nitrobenzene, would give all three 
nitrobiphenyls. ) 


(d) Dimerization of alkyl radicals: the Kolbe electrolytic reaction 


Electrolysis of the alkali-metal salts of aliphatic carboxylic acids results in the 
liberation of alkyl radicals at the anode and their subsequent dimerization: 
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RCOy —“= RCO, —= RAR + CO, 


2R- —~ R-R 


The reaction is usually carried out by dissolving the acid in methanol containing 
enough sodium methoxide to neutralize about 2% of the acid and electrolyzing 
between platinum-foil electrodes. The sodium liberated at the cathode reacts 
with the solvent to generate further carboxylate anion until the acid has been 
consumed and the solution is just alkaline. Yields are variable but are sometimes 
nearly quantitative, e.g. 


2 CHsCOH —=  CH,-CH, (23%) 
Me— (CHo)yo~ COjH acres Me— (CH2)o4— Me (60%) 


Electrolysis of the half-esters of dibasic acids gives long-chain dibasic esters, 
e.g. 


2 EtO,C—(CH>), —CO,H EtO2C—(CHp)on — CO2Et 


re 
n= 2:76% 
N= 8: 70% [5] 


Partial hydrolysis and further electrolysis enable still longer chains to be built up. 


(e) Dimerization of aryl radicals: the Ullmann reaction 


Symmetrical biphenyls may be prepared by heating aryl halides (other than fluor- 
ides) with copper powder or copper bronze. For example, o-nitrochlorobenzene, 
when heated to 215-—225°C with a specially prepared copper bronze in the presence 
of sand to moderate the reaction, gives 2,2'-dinitrobiphenyl! in 50-60% yield [3]. 


ON 
Oa & 
NO, NO 


The reaction, which probably involves aryl radicals, is more efficient when the 
aromatic nucleus contains nitro-substituents, as in the example above, and it can 
be carried out at lower temperatures by irradiating with ultrasonic waves, which 
act by disrupting the surface of the copper thereby increasing its reactivity. 


(f) The coupling of alkynes 


Acetylene and monosubstituted acetylenes react with copper(ii) acetate in pyridine 
solution to give diynes. The reaction probably involves one-electron oxidation of 
the acetylide anion by copper(m) ion followed by dimerization of the resulting 
acetylide radicals: 
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Cu** 
—_—_—_—— 


— R—=—_=>=—-R 
For example, phenylacetylene gives 1,4-diphenylbutadiyne in 70-80% yield [5]: 


Cu(OAe)> 


2 Ph-—==—H pytidine Ph—==-==—-Ph 


An alternative method for carrying out the reaction is to treat the alkyne with 
an aqueous mixture of copper(I) chloride and ammonium chloride in air. In 
these acidic conditions, removal of the proton may be facilitated by complexing 
between the C==C bond and copper(!) ion, 


R- =H = R—== + Ht 
f 


Cu* Cu* 


Some of the copper(I) ion is oxidized by air to copper(i1) ion which in turn 
oxidizes the acetylide ion to the radical while returning to the copper(t) state. 
Yields can be high, although for acetylene itself the yield is less than 10%, the 
main product being vinylacetylene (CH.==CH—C==CH).* 

The following are examples of the many applications of the coupling reaction. 


(i) Extension of carbon chains. The coupling reaction on 3-hydroxy-1-butyne 
(from acetaldehyde and acetylene with amide ion in liquid ammonia, p. 242) gives 
a diyne used in a synthesis of B-carotene: 


OH OH 


2 ) EEE Gul 02, os 
OH 


Phellogenic acid has been synthesized from undecylenic acid (obtained from 
castor oil): 


eZ 
HO,07 A,B Hoe 


2) NaNH> 


* Butadiyne may be prepared from 1,4-butynediol (p. 243): 


HO. Cl 
—— SOC Ns: 20H ee ee 
ie) Cl -2HCI ea 
("OH 
Cl ant cl) = ct) eerie a 
> —" — Pr aGae=u. =—- — = 
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CO2H 


N 
\ 
| 


F 
Ge C2 HO,C 


HO,C = (CH2)29 az CO2H 
phellogenic acid 
Most of the polyynes of the type R—(C==C),,—R, where R is CH3, C(CHs)s, 
and Ph, and n = 2-10, have been synthesized, e.g. 


- + 
Hass + Mer NH Meme ee SO. oe tae Me 


(ii) Synthesis of cyclic compounds. Terminal diynes can couple both inter- 
molecularly and, if the resulting ring is not highly strained, intramolecularly: 
the latter reaction is favoured by high dilutions. For example, the macrocyclic 
lactone, exaltolide, which is partly responsible for the sweet odour of the angelica 
root and is used in scents, has been synthesized in high yield by this means: 


O re) 
S ZA -HC! S ZA 
“Aon : v7 SA AGF 


1°) 0 
: : ( = ee 


exaltolide 


{18]Annulene* has been synthesized from 1,5-hexadiyne by coupling to give a 
mixture of cyclic trimer, tetramer, pentamer, etc., treating the trimer with base to 
effect conversion into the fully conjugated system via prototropic shifts and 
partially hydrogenating the remaining triple bonds (p. 638) [6]: 


* [18}Annulene was the first compound to be isolated which is cyclic, conjugated, contains (4n + 2) n- 
electrons where n is greater than 1, and in which the inside hydrogen atoms are sufficiently far apart 
for the molecule to adopt a planar or near-planar configuration. It should therefore be aromatic (p. 
40), and the experimental evidence indicates that this is so. In particular, the NMR spectrum shows 
six protons at unusually high field (6 —3.0ppm) and 12 at low field (5 9.3 ppm), indicating that the 
molecule sustains an aromatic ring current such that the induced magnetic field causes shielding of the 
six inward-pointing protons and deshielding of the 12 outward-pointing ones. 
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\, Me3CO” 


[18]Jannulene 


(iii) Synthesis of unsymmetrical di- and poly-ynes. A coupling reaction between 
a mixture of two monosubstituted acetylenes normally gives a mixture of three 
products. Although this procedure has been used to obtain several unsymmetrical 
di- and poly-ynes in low yield, it is more satisfactory to employ a related coupling 
process which can give only one product. This procedure (Chadiot—Chodkiewicz 
coupling) consists of treating a monosubstituted acetylene with a 1-bromoalkyne 
in the presence of copper(i) ion: 


xt 
R—=S—H + BSA OL RSA + )«OHBr 


The copper(1) ion acts catalytically, probably via the complexes which it forms 
with C==C bonds. 
Examples, the second of which gives an essential oil constituent, are: 


dehydromatricarianol 


(g) The acyloin synthesis 


The treatment of aliphatic esters with molten sodium in hot xylene (an inert, 
fairly high-boiling solvent) gives the disodium derivatives of acyloins from which 
the acyloin is liberated with acid. The reaction is preferably carried out under 
nitrogen because acyloins and their anions are readily oxidized. For example, 
ethyl butyrate gives butyroin in 65-70% yield [2]: 
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9 
2 OEt 1). Na hn 
See aH 
fe) OH 


Reaction is initiated by electron transfer to the carbonyl group of the ester, the 
resulting radicals dimerize, alkoxide groups are eliminated, and further electron 
transfers give the disodium derivative of the acyloin: 


E 
ee Na- R,_OEt dimerization - ee -2Et07 
0 QO” Nat Nat “Oo = O-Nat 
0 oO” Nat OH OH 
2Na 2H* 
ee ee ie Pie ee 
0 Nat O- OH Oo 


Since ethoxide ion is generated in the acyloin reaction, base-catalyzed ester 
condensations can occur in competition. This is especially disadvantageous in the 
formation of six-, seven-, and eight-membered acyloins, where the Dieckmann 
reaction to give, respectively, five-, six-, and seven-membered cyclic B-keto-esters 
is very efficient (p. 228). To prevent this competitive reaction, chloro- 
trimethylsilane is included to trap ethoxide ion as it is formed, 


Me3SiC!| + EtO” —= Me,Si—OEt + CI” 
The acyloin dianion is also trapped, and the acyloin is released with acid: 
RO" R__O-SiMe, ROH 


2 MegSiCl H,0* 
Cae ce 
R~ ~O" R~ ~O-SiMe, R~ So 


It is even possible to make four-membered cyclic acyloins in this way, e.g. 


CO,Et OH 
1) Na - MegSiCl 
2) H30* 
CO2Et re) 
CO.Et HOH 
Cx 1) Na - MegSiCl One 
2) H30* b 


However, the trans-isomer of the ester above yields a particularly strained silyl 
derivative which undergoes a spontaneous electrocyclic reaction, 


»COZEt 4 OSiMe, OSiMe, 
ee 
CO.Et = ~OSiMeg OSiMeg 


H 
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Alternatively, the silyl! compound can be oxidized with bromine to the a- 
diketone, e.g. {7}, 


OSiMe3 \e 
me Be ct + 2.MesSiBr 


OSiMe3 fe) 


The acyloin reaction is particularly valuable for the synthesis of large rings from 
dibasic esters. Even rings with 10-13 members (cf. p. 229) are formed in fair to 
good yield and for these the method is superior to those of Ziegler (p. 229) and 
Blomquist (p. 283). (The intramolecular reaction is possibly facilitated by the 
bringing together of the polar ends of the molecule on the surface of the sodium.) 
Typical yields are: 


Ring size 10 12 13 14 15 16 17 18 20 
Yield (%) 45 76 67 79 77 84 8&8 96 96 


17.4 
Formation of 
carbon- 

(a) Nitration at saturated carbon nitrogen bonds 


Saturated carbon can be nitrated by nitric acid in both the gas and the liquid 
phases. The mechanism of reaction is not certain but is probably as follows: 


initiation HO-NO, a HO: + NO2 
R-H + NOJ —+ Ro + HONO 
propagation R- + NO. —_— R-NO2 
HONO + HNO, —= 2NOz + H20 


The fragmentation of alkyl groups commonly occurs, but one or more products 
can often be isolated in good yield and the gas-phase reaction at about 450°C is of 
considerable industrial importance. Some examples are: 


CH,CH, + HNO, -22° Et-NO> + Me—NO, 


80-90% 10-20% 


°C Sh ge 
Me,cH + HNO, Se A No: + NO, + NO> 
7% 


65% 20% 


(liquid) 


Ph~ ~NO> 


55% 


PhMe + HNO, 
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OC + HNO, tL 


(b) Addition to C=C and C=C 


NO, 


44% 


Dinitrogen tetroxide adds to C==C and C==C to give a mixture of dinitro- 
compounds, nitroalcohols, and nitronitrates: 


O,N-NO. === 2NO," 


RY + NO, R-no, 


NO, 
a NO, + O.N- NO, 
se NO, 
ONO 
hydrolysis R a 
NO, 
a OH 
= ike NO, 
ONO R 
oxidation YY NOe 
ONO, 


Yields of particular products tend to be low, e.g. 
CH=CH, wee, O2N ~NO2 HOT NO2 + O,NO7~NOe 


35-40% 10-20% 10-20% 
Nitryl and nitrosyl halides add in an analogous manner; the products from 


nitrosyl halides are often the B-halonitro-compounds which result from oxidation 
of nitroso-compounds. 


*N,0, is 20% dissociated at 27°C. 
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Cl 
NO,CI A NO, 


40% 


y 


(c) The Hofmann-Léffler-Freytag reaction 


Irradiation of N-chlorodibutylamine in 85% sulfuric acid, followed by basification, 
gives N-butylpyrrolidine: 


cl ie 


| 
1) Ho$Qq -Av 
Sn_N NT cre a 4 oe 


This is a general reaction of those N-chloroamines which possess a 5-CH group. 
Photolysis of the protonated amine gives a nitrogen cation-radical which abstracts 
a hydrogen atom from the 6-carbon via a six-membered cyclic transition state. The 
resulting alkyl radical abstracts a chlorine atom from more of the chloroamine and 
when the amino group is released with base it displaces intramolecularly on the 
halide: 


Ch Cl 
i H* ir hv 
Swe maa eee Cr 
Cl 
i eos =) RANHCI Ve 
ait 4 H 
Cl 


-H* a -HCI [ > 
a. Nw, i, 
4 en 
This provides a method for introducing functionality at an otherwise unreactive 


aliphatic carbon atom and the reaction has been used in the steroid series to 
modify angular methyl groups, as in a synthesis of dihydroconessine: 


H ‘ H 
Nes 
MeN wH 
1) A-chlorosuccinimide 
2) HzSOQ,4- hv 
3) OH™ 


MeN 


dihydroconessine 
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(d) Photolysis of nitrites: the Barton reaction 


The irradiation of organic nitrites may also be used to introduce functionality at 
an otherwise unreactive aliphatic carbon. The oxy-radical produced by photolysis 
abstracts hydrogen from a 5-CH bond and the resulting alkyl radical combines 
with the nitric oxide liberated in the photolysis to give a nitroso-compound and 
thence, when primary and secondary CH groups are involved, the tautomeric 
oxime. 


NOH 
NO OH tautomerizes 
Si 6 eae 


This method has been used in a synthesis of aldosterone 21-acetate from 
corticosterone acetate. The nitrite ester of the 11$-hydroxyl group was formed 
from the alcohol with nitrosyl chloride and, after photolysis, the oxime was 
hydrolyzed in mild conditions (nitrous acid). (Note that aldosterone 21-acetate 
exists as a hemiacetal; cf. the ring-chain tautomerism of glucose, p. 169.) 


OAc 
Oo HON 
oO 
He 1) NOCI HO, 
2) hv 
OH OAc 
aldosterone 21-acetate 


A closely related method is of interest, although it does not involve the 
generation of a C—N bond. The photolysis of tertiary hypochlorites (readily 
prepared from the corresponding alcohols with chlorine in alkali or with chlorine 
monoxide) gives alkoxy radicals which can abstract hydrogen from 6-CH bonds; 
the resulting alkyl radical abstracts chlorine from a second molecule of the 
hypochlorite, giving a 6-chloro-alcohol which may be cyclized with base, e.g.* 


* The fragmentation products, mainly butyl chloride and acetone, are also formed in 13% yield (see 
below). 
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_cl _fv a SZ ROCI 
a2. ae aaa of NS RO. 
H -‘O HO 
OH 
of VK a af — Zhe 
HO fe) 2 


This method has also been used in the steroid series for introducing func- 
tionality at angular methyl groups, 


HO Oo 


1) ClO 
2) hv 
3) OH 
It should be emphasized that in both the Barton and the hypochlorite reactions, 
intramolecular hydrogen-abstraction has to compete with other reactions of 


alkoxy radicals. In particular, these radicals undergo fragmentation: for example, 
the t-butoxy radical gives acetone and the methyl radical. The reaction, 


fe) 
ee : oe a 


O 


Ae an ay + “~cl 4% 
16) 
ana + MeCl! 0.5% 


indicates that the ease of fragmentation of a particular group increases with 
the stability of the radical formed. However, in the examples involving steroid 
systems cited above, the intramolecular reaction competes favourably with frag- 
mentation, for not only is the transition state of the necessary six-membered type 
but also the angular methyl! group and oxy-radical are suitably placed with respect 
to each other. 


17.5 


555 


Formation of 
carbon—oxygen 


C—H bonds in a wide variety of environments are oxidized on standing in air to bonds 
hydroperoxide groups. Reaction is apparently initiated by the appearance of stray 

radicals produced, for example, by sunlight photolysis, and thereafter a chain 

process operates: 
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The rates of these reactions (autoxidations) vary markedly with structure: for 
example, alkanes react at a negligible rate at room temperature whereas allylic 
compounds react at a significant rate. Autoxidation is catalyzed by the usual 
initiators and retarded by inhibitors and it is advisable to store the more readily 
autoxidized compounds in the presence of an inhibitor. 

In the alkane series the order of reactivity is, tertiary > secondary > primary 
C—H, as usual in free-radical reactions. For example, isobutane can be con- 
verted in good yield into t-butyl hydroperoxide in the presence of an initiator: 


Me Me Me Me 


Me ~H * Me~ “OOH 


Allylic compounds owe their greater reactivity to the greater stability of allyl 
than alkyl radicals. Unsymmetrical compounds give mixtures of products, 


OOH OOH 
AY 2 AK ’ aN Aa 


Those allylic compounds which, as alkenes, are readily polymerized, react 
differently, for the hydroperoxy radical initiates polymerization: 


Aono geek SE ino at 


+ 


etc. 


Polymerization of a complex type is also responsible for the formation of a hard 
skin on drying oils, which are allylic compounds. 
Ethers are particularly prone to autoxidation, e.g. tetrahydrofuran gives the a- 


hydroperoxide, 
{ \ 22, 
‘0 ae 


Since hydroperoxides can explode on heating it is essential to remove them from 
ethers (e.g. by reduction with aqueous iron(11) sulfate) before using the ethers as 
solvents for reactions which require heat. 

Aldehydes also autoxidize readily but the initial product, a peroxyacid, reacts 
with more of the aldehyde to give the carboxylic acid. For example, benzaldehyde 
gives benzoic acid on standing in air: 


FREE-RADICAL REACTIONS 


Ph. _O. Ph 
PhCHO Yr SOH PhCHO 2 Yr 
ie) O 


The final step is a Baeyer-Villiger oxidation involving a hydride shift (p. 445). 
Ketones are unreactive towards oxygen, but their enolate ions react: 


R R R 
initiation RAR MesCO™ RAR Oa. RAR + O; 
ie) oO °O 
R RR 
RAR a RX. 
1°) 


propagation 
AR R RR ; R 
poe. Mba Myo. Myke 
fo) (ow fe) 0 


By carrying out the reaction in the presence of a trialkyl phosphite, a-ketols can 
be obtained: 


RR RR 


R von O xen P(OEt)3 RX o + OP(OEt)s 
ie) 


i) 


Hydroperoxides are not themselves of much synthetic value but they are 
employed as intermediates in certain reactions. For example, cumene is converted 
industrially into phenol and acetone via cumene hydroperoxide (p. 446), 


H* 
sede 2. aye a yer ed 


and tetralin can be converted into a-tetralone by E2 elimination on_ its 


hydroperoxide, 
<e 


HO” 
ao Bu 


CO * OO 
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17.6 Elements such as sulfur, phosphorus, and silicon can be bonded to alkenes and 
Formation of alkynes by radical-catalyzed reactions which have the characteristics of those 
bonds to other already described. Typical examples are: 
elements 
Phos + H2S — pa7~-8H + Ph ph 


61% 20% 


NSH 4 ACH eoaeret cots 


HOZC._S + 2S>ON — HO2C. Sony 
74% 
a al : ae] — aie 
ie) .@) 
PH; + 3 NX*RQ — (AAP 


67% 


(the intermediate compounds, butylphosphine and dibutylphosphine, may be 
obtained by using smaller proportions of 1-butene) 


ClgSiH + pS —_— sic 
95% 


Problems 1. Account for the following: 

(i) The orientation in the addition of hydrogen bromide to allyl bromide 
depends on whether or not the reactants are contaminated with 
peroxide impurities. 

(ii) The radical-catalyzed chlorination of optically active CH;CH,— 
CH(CH3)—-CH,CI gives mainly racemic 1,2-dichloro-2-methylbutane. 

(iii) The peroxyester PhCH==CHCH,—CO—O—O—CMe; decom- 
poses several thousand times faster than the peroxyester CH,;— 
CO—O—O—CMe; at the same temperature. 

(iv) The radical-catalyzed chlorination, ArCH; — ArCH,Cl, occurs faster 
when Ar = phenyl than when Ar = p-nitrophenyl. 

(v) The aldehyde Ph—C(CH3),—CH,—-CHO undergoes a radical- 
catalyzed decarbonylation to give a mixture of Ph—-C(CH;).-—CH3 
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and Ph—CH,—CH(CH3)2. The proportion of the latter product 
decreases as the concentration of the reactant is increased. 

(vi) When p-cresol is oxidized by potassium hexacyanoferrate(m), the 
compound (I) is one of the products. 

(vii) When the compound (II) (formed from cyclohexanone and hydrogen 
peroxide) is treated with iron(t1) sulfate, 1,12-dodecanedioic acid is 
formed. 

HO OOH 


FEO 0 


(Il) 


2. Summarize the free-radical reactions which may be used for: 
(i) the extension of carbon chains; 
(ii) the introduction of functionality at unactivated methyl groups; 
(iii) the formation of medium- and large-sized rings. 
In the last case, compare these methods with those which do not involve 


radical reactions. 
3. What products would you expect from the following reactions? 


(i) MesCH + Br.  —att. 
(ii) ; 
peroxide 
PhMe + NBr 
O 
(iii) O 
peroxide 
NN + Ce 
oO 
; peroxide 
(i v) NN + EtO,C “~~ CO2Et oo 
(v) BAY 7 CHCl, peroxide 


4. How would you employ radical reactions in the synthesis of the following 
compounds? 


(a) Br (0) OH 
Ne ANY 
O 
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(c) 


(e) 


(2) 


(i) 


Organotransition metal T 8 
reagents 


18.1 
The application to organic synthesis of complexes formed by transition-metal ions Principles 
and organic ligands is a rapidly developing field; its scope is far from fully defined. 
In this chapter, only those processes that have proved their value in synthesis are 
described. 


(a) Organic ligands 


The organic ligand can bind to the metal ion either through an s-containing 
orbital, giving a o-organometallic compound, or with x orbitals which bind from 
one face of the organic group, as in a n-alkene complex, written 


M 
ele 


In the latter case, bonding is provided not only by donation from a filled x orbital 
of the ligand into an empty metal d orbital but also by interaction of an unfilled n* 
orbital of the ligand with a filled metal d orbital: 


filled aikene n-orbital 
serving as a o-donor 


“~___ {filled metal 
@-orbital 


metal unoccupied 
S, p, dor hybrid orbital 
empty alkene 
n+-orbital 


Carbon monoxide and cyanide ion are ligands whose donor orbitals are of s- 
containing type but which can accept electrons into x* orbitals (X = O or N°): 


filled metal. 7 : 


o-orbital — 


ey =< empty CX 


M G=aK n’-orbital 


metal unoccupied lone pair on carbon 
S, D, dor hybrid orbital 
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The number of atoms in the ligand within bonding distance of the metal is 
described as its hapto number, 1. For a o-bonding ligand the hapto number is 
therefore one, regardless of whether the ligand provides one electron in the 
formation of the bond to the metal (e.g. alkyl, H) or two (e.g. O=C:, H,C:, 
Ph3P:). For a x-bonding ligand it is equal to the number of carbon atoms whose p 
orbitals are involved. Commonly occurring ones are: 


2: alkenes ML, 
ol. 

3: 1-allyl LP 

ML, 


4: butadiene, cyclobutadiene 
5: 1-cyclopentadienyl . 
6: benzene 


where L,, indicates that n other ligands are bonded. 


(b) The 18-electron rule 


The chemistry of organometallic transition-metal compounds is marked by the 
tendency of the metal to achieve an electronic configuration corresponding to that 
of the next highest noble gas. This equates to a total of 18 electrons in the 
outermost d, s, and p orbitals (e.g. 3d'°, 4s”, 4p® for Kr). An exception referred 
to in this chapter is titanium which is low in available electrons and would be 
overcrowded if sufficient ligands were present to give a total of 18. 

The numbers of outer-shell electrons in the metals whose organometallic 
chemistry is described in this chapter are: 


Outer-shell electrons: 4 6 8 9 10 
Metal: Ti Cr Fe Co, Rh Ni, Pd 


from which it follows, for example, that chromium can bond to ligands that 
provide a total of 12 electrons. 

In checking on the validity of a structure, it must be remembered that, where a 
metal is positively charged, each charge corresponds to one less electron in the 
outermost shell. The following are examples of complexes which obey the 18- 


electron rule: 
Kany, - 


I + 
Gr(CO), ogy SY 


—-OO 


a Ni 
OC'"y  ™ 
oc’ co 
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Examples of (6-electron titanium complexes are:* 


(c) Commonly encountered reaction mechanisms 


The reactions described in this chapter mostly include one or more of the 
following steps (M = metal, L = an unspecified ligand). 


(i) Coordination— dissociation 


coordinative 
association 
rmsiakiigciatelesuar 


M + ¢L M-L 


coordinative 
dissociation 


A complex which fulfils the 18-electron rule must necessarily dissociate by loss of 
a ligand before it can coordinate, e.g. 


c co 
PhgP : 
wo Ni te Ni(CO}, oc NL 
“oc% ~C0 phjp® “CO 
(18e) (16e) (18e) 


but this is not necessary with a complex containing less than 18 electrons, e.g. 


H—Co(CO), 
HCo(CO), + ANS = a 
(16e) (18e) 
(ii) Oxidative addition--reductive elimination 
zZ 
/ 


Oxidative addition 
reductive elimination 


*The reactions by which ligands are introduced often involve the ligand as an anion, such as the 
cyclopentadienyl anion (6e donor) and chloride ion (2e donor) in the formation of the first of 
these titanium complexes. However, since these reactions involve displacement on titanium which is 
formally Ti**, the electron count is the same as that described above in which titanium has four 
clectrons in its outer shell and cyclopentadieny! and chloride ligands are five and one electron-donors, 


respectively. 
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where ZY is typically RX, RCOX, or H>. The oxidation state of the metal 
formally increases by two in the forward reaction, since the atoms or groups Z 
and Y are considered less electropositive than the metal. This is so even for the 
addition of Hg, e.g. 


H 
oCc., | «COR 
OC),;Co—COR + Ho ed “Con 
wn oc” | “H 
Cc 
(Co') O 
{t6e) (Co!) 


(18e) 


The product of oxidative addition can often undergo reductive elimination with 
the release of an organic product, e.g. 


H 
OC., e a COR ve 
oc™ l “H —r RCHO + 0(CO)3 
Cc 
16) 


2 insertion eee 
M + L = ; M 
N deinsertion | 
Y L 


~ 
insertion L,Ti = L Ti a 
ss R 
aii le Pais ced: 
deinsertion R-C O-Rt" oe Si 
i 
H 
(16e) (18¢) 


B-Hydride elimination is an important example of ligand deinsertion: 


LM _B:hydride elimination _ LMH + C=C 
H 
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(a) «-Organotitanium compounds 18.2 
Titanium 
These are prepared from titanium tetraalkoxides: 


3T(OR),  —ate 4 CITIOR), 


CITI(OR), Pie R—-Ti(OR’), 
The carbon atom bonded to titanium is strongly negatively polarized and, as in 
a Grignard reagent, the organic group behaves as a nucleophile. However, the 
reagents are significantly more selective than Grignard reagents in two important 
respects. First, they react only with the carbonyl group in aldehydes and ketones 
even when other functions are present which react with Grignard reagents (esters, 
nitriles, epoxides, halides), e.g. 


ce) 
1) MeTi(OPr)3 tok 
AA CO,Et S AenT anEnDEen CO-ZEt 


aH" OH 


Moreover, an aldehyde group reacts selectively in the presence of a keto group. 
Second, they show a much higher degree of diastereoselectivity with asym- 
metric aldehydes (cf. p. 191), e.g. 


H Me H Me H Me 
5 1) MeTi (OP A LOH OM 
ae 60 at pra : max 
Me H H Me 
9 parts 1 part 


(b) The Tebbe reagent 
This ts prepared from Cp2TiCl, (Cp = cyclopentadienyl):* 
-HCI 


aN 
CpeTiCl, + AlMeg — Cpali. AlMe, 
cl 


(i) Reaction with carbonyl compounds Tebbe’s reagent reacts with the carbonyl 
group in aldehydes, ketones, esters, lactones, and amides to replace oxygen by 


*Tebbe’s reagent, and other complexes with bridging halogens, should formally be written with 
charges, e.g. 


AN 
Cpatiy ay AlMe2 


The charges are conventionally omitted. 
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CH,. A weak base is necessary: in some cases the carbonyl oxygen atom itself 
is effective but otherwise pyridine is added. It is believed that the reactive 
intermediate is Cp»Ti==CH), which reacts analogously to Wittig reagents: 


R,c—O 
Cp,Ti a Pnsoul Cp,Ti=CH, eee Pied 
Cl TiCpe 


— RoC = CHp + Cp2Tid 


The process is superior to the Wittig reaction in two circumstances: first, if an 
asymmetric carbon atom with an enolizable proton is adjacent to the carbonyl 
group, it retains its stereochemical integrity; second, highly hindered carbonyl 
compounds react more efficiently, e.g. 


( ( Cp, Ti=CH, (" 


45% 


(ii) Reaction with alkenes The Tebbe reagent reacts with alkenes to form 


metallocycles, e.g. 
\= LPATIS CH, CpoTi eo < 


On heating, these normally regenerate the reactants. However, if the C=C bond 
is part of a strained ring, cleavage can occur to give a new titanium-carbene 
complex. The following example, showing the formation of an intermediate 
required for the synthesis of capnellene, also demonstrates the value of the 
method in forming strained rings: 


SN 
Cp,Tic YAIMe, 
ZG Cl CpoTi — 
CO.Bu! CO2Bu' 
—S 
—s — 
CpoTi ~ 
co,Bu' OBu! 


Alkene metathesis. Alkenes undergo disproportionation reactions when heated 
with a catalytic quantity of the Tebbe reagent, e.g. 


2-—™ = wa + CH=CH» 
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Thermodynamic equilibrium is establishec which, in this case, favours 2-butene 
(mainly trans) and ethylene. 


The process makes use of the reversibility of the formation of metallocycles and 
the fact that, whereas the preferred regiochemical reaction in their formation may 
be unproductive, the less preferred one may establish a desired reaction pathway. 
tn the above case, the preferred reaction simply establishes the dynamic equi- 
librium (M = Cp,Ti) 


M 
M=CH2 + yiN = | | 


whereas the alternative can give ethylene and a new carbene complex, 


\=eM += 


| 
ia 
| 


M=CH, + “SS 


The latter can react with more propylene to give 2-butene: 


bk + M=CH, 


This was the first commercial application of alkene metathesis. Two alkenes can 
also be employed as reactants. The reaction of ethylene with the readily available 
dimer of isobutylene (p. 252) is used in a commercial process for making 
neohexenc: 


Cp,Ti “aime, 
—— + = Gl. = + == 


neohexene 


| 
oi 
| 


Alkene polymerization. Application of the above method to cycloalkenes 
generally gives high molecular weight polymers in a process known as ROMP 
(ring-opening metathesis polymerization), c.g. 


o- 9g - f* 
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18.3 
Chromium 


ML, 


Various carbene complexes are used, some containing tungsten in place of 
titanium, and in this way products with different bond geometries and therefore 
different properties are obtained. For example, the all-trans polymer is an 
elastomer which is an excellent material for tyre manufacture, whereas the all-cis 
isomer is a non-elastomeric solid. 


Ziegler’s catalysts. Ethylene and propylene are polymerized by Ziegler’s 
catalysts, which consist of titanium trichloride and an aluminium alkyl derivative. 
The essence of the method is the insertion of the alkene into the C—Ti bond of 


the growing polymer, e.g. 


’ H Me 
L,TiI—R + ’ [= 
— L,Ti R £ 

Me 
H Me 

_ 3 H MeH Me 

nll R % 5 

ee aie L,Ti R sate, sate 

Me 


Chain termination is by B-elimination or hydrogenation, e.g. 


R 
' 

L,TiI-R + Hp _ L,Ti-H — RH + L,Ti-H 
H 


As shown above, the method gives isotactic polypropylene, in which each 
carbon atom has the same configuration. The material has a higher density and is 
better suited to making films and moulded articles than the randomly oriented 
atactic polymer made by older methods. By modifying the catalyst, syndiotactic 
polypropylene, in which alternate carbon atoms are of opposite configuration, can 
be made. 


(a) «-Organochromium(u1) compounds 


These react with aldehydes and ketones in the same way as Grignard reagents. 
They are prepared in situ by the reaction of an alkyl, aryl, alkenyl, or allyl halide 
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with chromium(m) chloride in an anhydrous solvent such as DMF or THF at 0°C 
(cf. p. 647): 


Cr! Re R-X “ Cc mM + R + Xx 
R- + Cr! — R- crt 
R. UR + R R' 
R-CrY 4g RICHO a aoe Re 
o- OH 


They have two advantages over Grignard reagents. First, an alkenyl halide 
reacts with retention of configuration, e.g. 


R 
R 
Lor + RCHO — CHRON) 


Second, either stereoisomer of an ally! halide reacts mainly at the more sub- 
stituted carbon atom to give wholly or mainly threo product, e.g. 


H OH H OH OH 
PhCHO + RSI yarn mAs + pra + ee 
RH HR 


threo erythro 
R = Me 70 0 30 % 
R = Ph 83 17 0% 


It is thought that this is because the new C—C bond ts formed via a chair-like 
transition state in which R and Ph preferentially occupy equatorial positions:* 


i pat acieOrkg aid Cry 
AES R i ae = eee 


transition state threo 


* This is analogous to both aldol and Diels-Alder reactions: 
Za Ge 
1 ( ro) G oY, +l 
Cr ~M 


aldol Diels-Alder 
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(b) Chromium-arene complexes 


These are formed by heating the arene with chromium hexacarbonyl and have 
three principal applications. 


(i) Nucleophilic reactions. The Cr(CO); fragment is electron-withdrawing and 
activates the aromatic compound to nucleophiles. With a monosubstituted 
benzene, addition of the nucleophile is fastest at the meta position, and with a 
powerful nucleophile such as a carbanion, for which k, is large, the adduct can be 
efficiently trapped by the addition of acid, e.g. 


CMe,CN x 
<a> LiCMe2CN (ky) Sea CF3CO2H io 
! (ki) oy CMe,CN 
Cr(CO)3 Cr(CO)g 


If X = OMe, acid-catalyzed hydrolysis follows, to give the enone: 


OMe oO 


ol = ‘ol 
CMe,CN CMe,CN 


However, with less reactive nucleophiles and when X is a good leaving group 
(halide), the reversibility of the fast addition to the meta position means that the 
slower addition at the substituted position followed by irreversible elimination of 
the halide becomes the preferred course, e.g. 


OR 
é Xx " 
a = >a 
Cr(CO)3 Cr(CO), Cr(CO); 

The product is released from the complex by mild oxidation, usually with 
cerium(Iv). 

The method has been applied to the synthesis of benzocrown ethers, using a 
quaternary ammonium salt as a phase-transfer catalyst (p. 290), e.g. 


+ Von ga 
i Na ae. LS eS O O 
O fe) ie) 
V/V 


27% 


(ii) Lithiation. Aromatic C—H bonds in 1°-arene-Cr(CO)3 complexes are 
rendered sufficiently acidic by the electron-withdrawing effect of Cr(CO) 3 to 
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undergo ready lithiation. This is of value in making ortho-substituted derivatives 
from PhX (X = OMe, F, Cl), since lithiation preferentially occurs ortho to the 
substituent: 


x X 
<a> Buti <p - electrophile 
e.g. CO2 


Gr(CO)s Cr(CO), 
x 
<BS~005 ae (S-con 
Cr(CO), 


(iii) Activation of benzylic carbon. Benzylic anions are stabilized by the 
electron-withdrawing effect of Cr(CO)3, so that, for example, Michael-type 
addition to styrene and its derivatives is possible, e.g. 


S CN CN 


Cr(CO)3 Cr(CO), Cr(CO)3 


18.4 
(a) Acyl-iron complexes Iron 


(i) Synthesis of ketones. Alkyl-iron bonds are readily formed by nucleophilic 
displacement on an alkyl halide or tosylate by an anionic iron complex, 
2Na*[Fe(CO),)2 + RX eX R-Fe(CO), 


+ 
Collman's reagent Na 


In the presence of carbon monoxide and triphenylphosphine, insertion and ligand 
exchange reactions give a complex which reacts with alkenes to give, after 
isomerization and hydrolysis, ketones, e.g. 


R-Fe (CO), CO - PhP perl CH,=CH, ee es 
QO O 


R = H* R 
— Fe(CO),PPh, 9 he 
Oo O° 


The method is of value in the synthesis of cyclopentanones, 


Oo 


Br 1) NagFe(CO),4 - PPh 
ea 2) H" 
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and was used in making a key compound in a synthesis of aphidicolin: 


TsO 


1) NagFe(CO),4 = PPh3 
2) H* 


30% 


In addition, acyl-iron anions can be converted into aldehydes by protonolysis 
and into ketones by alkylation: 


H* R. WH 
T 
R_ _Fe(CO) e 
4 
T 
Oo 
RX R. UR 
T 
re) 


This provides an alternative to the ‘reversed polarity’ procedure using dithiane for 
the conversions RX -» RCHO and RCOR’ (p. 474). 


(ii) Enantioselective synthesis. An enolizable acyl group bound to iron in the 
asymmetric complex below can be alkylated with a very high degree of enantio- 
selectivity. The enolate is formed with butyllithium and, owing to hindrance to 
attack by a phenyl group on one face, it is alkylated, often exclusively, on the 
other. One-electron oxidation by bromine in water, an alcohol, or an amine can 
then yield acid, ester, or amide, often in enantiomerically pure form, e.g. 


fe) g Pho 


PPh Sau ( 
aa es Y 
S ws = QSat 
ZI 6 
Q Me 
\ aPPh H Me 


Mel . Brg / HzO %, 
Mel QS R ih oie er, 
i@) 


(b) Stabilization of cyclobutadiene 


The highly strained cyclobutadiene is unstable and has not been isolated. 
However, it can be obtained as a complex with Fe(CO);, 
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Cl 


Ci 


and this enables it to be used in synthesis. In the form of its complex, it reacts 
with electrophiles, e.g. 


COR 


{| Fe(CO), DRESS I as Fe(CO), 


“HCI 


and, when released from the complex by oxidation with cerium(Iv) in the 
presence of a dienophile, it undergoes Diels— Alder reactions, e.g. 


lv 
(|b Fe(co), 4° “HS Cosme: 288 rot 


CO,Me 


18.5 
(a) Pauson-Khand reaction Cobalt 


Alkynes react with octacarbonyldicobalt to form complexes in which all four n- 
electrons are involved in bonding, e.g. 


R 


R—==—R +  Co(CO), 200, Lepoeon 
R~*Co(CO)3 


The most useful reactions of the complexes are with alkenes and carbon 
monoxide to form cyclopentenones. It is not necessary to isolate the cobalt 
complex: a mixture of octacarbonyldicobalt, the alkyne, and the alkene are 
heated at 60—110°C under carbon monoxide. An alkene RCH==CH, reacts with 
high regioselectivity: 


. Co2(CO)g R R' 
A—==—-R + QR or aia oa 


R 


Bicyclic compounds can be constructed by using enynes, e.g. 


a Coo{CO}g - CO (CD>° 
Za 95°C 


40% 
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(b) Trimerization of alkynes 


CpCo(CO), catalyzes the trimerization of alkynes to give aromatic compounds, 
e.g. 


CpCo(CO)e2 


This principle was applied in a synthesis of a derivative of the hormone oestrone 
in which Me,Si—C==C— SiMe;, which does not trimerize, was used in a mixed 
alkyne cyclization; formation of the aromatic ring was followed by an electrocyclic 
ring opening and Diels-Alder ring closure:* 


H fe) ce) 
S H Me,Si 
Me,Si—==— SiMe, 
BZ CpCo(CO}e Me,Si 
H 


1) CF3CO2H 


2) Pb(CFsCO2)4 


(c) Hydroformylation 
The conversion 


C=C + CO + He _— Cc” “CHO 


*It was found that one —- SiMe, group could be removed selectively from the last intermediate by 
protonolysis with CF;CO,H (p. 345), and the second was replaced by —— OH with a lead(iv) oxidant. 
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which is especially of industrial importance, takes place at high temperatures (c. 
150°C) and pressures (300 atmospheres) in the presence of octacarbonyldicobalt. 
The key cobalt intermediate is HCo(CO);: 


Co(CO)g 22 Co,(CO),  t8=  HCo(CO)g +  HCo(CO), 
(OC),;Co-H 
(OC),Co 
HCo(CO)3 + A> = a = a oe 


H 
eductive 
(0C),Co tanith eae 
co (00.99 ec \ eure. O 
3) + HCo(CO)s 


Steric effects control the reactivity: straight-chain terminal alkenes > straight- 
chain internal alkenes > branched-chain alkenes. 


18.6 
The most useful rhodium complex is Wilkinson’s catalyst, (Ph3P)3RhCl, which is Rhodium 
prepared by heating rhodium chloride, RhCl,-3H,O, with triphenylphosphine in 
boiling ethanol. As well as its value in homogeneous hydrogenation (p. 633), it is 
used in the decarbonylation of aldehydes (the reverse of the carbonyl insertions 
described earlier): 


Cl 

idative addi | wPPh 

1) oxidative addition —cro—Rn™ 3 

RCHO + (PhaP)gARCl DEaep, 20-1007 CO TS pPh, 
H 
7 Cl 

i R. we PPhg 1) reductive elimination | »PPhg 
deinsertion ve RY Ph. P—Rh" 

————= OC] PPh, 2) PREP ls rh 

H co 


This is of value when the carbonyl group has been required for activation of a step 
earlier in the synthesis and has subsequently to be removed. If R is asymmetric, it 
retains its stereochemistry. 


18.7 
Nickel tetracarbonyl effects the reductive coupling of allyl halides in aprotic Nickel 
solvents such as DMF: 
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OQ” 50% al 7 
NCO), 25-50°C oie + NX + 460 


R 
AN x 


Reaction occurs by reversible dissociation of nickel tetracarbonyl, oxidative 
addition of the ally! compound, formation of the n 3.allyl complex, dimerization of 
the complex through halogen bridging, and finally C—C coupling: 


Ni(CO), =2= —Ni(CO)s 


ANB +) —Ni(CO)3 _— RAN NiBICO)2 4 CO 


r 
| 
D 
| 
? 
| 


. co . ‘Br 


The coupling takes place at the less substituted carbon of the allyl group and gives 
mainly trans-products, as above, regardless of the stereochemistry of the allyl 
halide. 

Since the dimeric nickel complex brings the coupling termini into proximity, the 
method is particularly suitable for macrocyclization, e.g. 


Br 
SS Br 


80% 


When the reaction is carried out in a hydrocarbon solvent such as benzene, the 
n°-allyl complex is formed but does not couple; it can be isolated by crystallization 
at very low temperatures. This makes it possible to effect crossed coupling by 
treating the complex with an alkyl halide in a polar aprotic solvent such as DMF. 
For example, a-santalene has been made in 88% yield in this way: 


a-santalene 


Terpenes and dihydrocoumarins can also be constructed, e.g. 


ser i 
" ?. 7 “ \ 

SB CO Caan : "2 
ae a 


ee ae ee eee 


—_—_— 


gerany! acetate 
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CO,Me / BO p CO,Me 
CY * MeO—(—Ni_ Ni) OMe +80. Cre 
Se Br Pf 


Br 
ce) 
CO2Me 
ee NR | 


(4) Ni(COD)2. The complex of nickel(o) with 1,5-cyclooctadiene, Ni(COD),, 


can generally be used in place of nickel tetracarbonyl in coupling reactions and, 
since it is much less toxic, is preferred. 


18.8 
(a) (n°-Alkene)palladium(u) complexes Palladium 


The x-complexes formed from palladium(it) and monosubstituted or 1,2- 
disubstituted alkenes are activated to nucleophiles, enabling reactions of the type 
RCH=CHR' + X7 + Pd RC=CHR' + H* + Pd 

X 


to be brought about; XH is usually water, an alcohol, a carboxylic acid, or a 


primary or secondary amine. 
The sequence of reactions, illustrated for ethylene and with water as the 


nucleophile, is: 
2+ 2- 


cl aie PdCl, 
CHy=CH, + PdCl —~ 12} |KPd¢ pd—| a apeae £ 
cl ; 


HO” ~H 


-eliminati —-PdCl H20 = 
B-elimination J | 2 Pan cae HOSS + Pd + H,0* + 2Cl 
Cl HO H 
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By carrying out the reaction in air and in the presence of a catalytic amount of 
CuCl,, Pd(o) is reoxidized in situ, 
Pd(0) + 2Cu% —= Pa* + 2Cu 


+ 


cu" ie. Cu?* 


so that only a catalytic quantity of Pd(i) is needed. 

This is the basis of an important industrial method (Wacker process) for 
manufacturing acetaldehyde. 

Monosubstituted alkenes bond to palladium through the unsubstituted carbon 
atom so that, for example, reaction with water gives methyl ketones, e.g. [7], 


CaHi7. H,0 PoC = CgH7._ Me 
: ail 7 e CuCl 2 Oo T 
oO 


70% 


1,2-Disubstituted alkenes react less rapidly (cis faster than trans), so that selective 
reactions can be carried out, e.g. 


oO 
A C07 SS H.O PdClo ANAK 
1 2 CuCly - O2 AcO oo 


Cyclization of suitable hydroxyalkenes can be brought about and can be 
combined, in the presence of carbon monoxide, with an insertion reaction of the 
o-alkylpalladium species, e.g. 


i 2 Aer PdCle/MeOH i/MeOH Oo. 
P CuCh-O7 PdCl, 


2- 


R 0” R' aie 


(b)  (4°-Allyl) palladium complexes 


(i) Formation. The complexes can be made from either alkenes or allyl 
compounds which possess reasonable leaving groups. 


From alkenes. Reaction with PdCl, gives, via the n-alkene complex, the 
allylpalladium complex as a chlorine-bridged dimer: 


PdCl, sis , ML y 
&™ PdCle | an a Crt > Pd ~) 
From allyl compounds: with Pd(u). Allyl acetates and other allyl compounds 


with leaving groups react with PdCl, by either the n-alkene route or formation of 
a o-allylpaliadium bond, 
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PdCly 


Jn~n* 
Gi 3 
,” 7 . 
Zw* Feb xe Crd a) 
a Noi” y 
ZW Pal, 


From allyl compounds: with Pd(o). Reactions corresponding to those of allyl 
compounds with PdCl, take place with Pd(PPh3), to give an 18-electron allyl 
complex which dissociates, 


PN -2 PPh. LOS - 
Zw~* Pd(PPh3)q LO 2 PPhg a : x 
XPd(PPhq), Pas 
PhP” ~PPhg 


‘ 


Since Pd(o) is regenerated on reaction with a nucleophile, only a catalytic 
quantity is required. 


(ii) Reactions of the complexes. In order to activate the chlorine-bridged r-allyl 
dimers to nucleophiles, they are treated with triphenylphosphine to give the same 
type of ally! complex as is formed by the Pd(o) method. The reaction of this 
complex with a nucleophile then gives product by reductive elimination: 


ar Rue BG ies a + — Pd(PPha)2 
Pd* Y 

4 NS Pd 
i ei PhyP”  ~PPhg 


If the allyl group contains terminal substituents, the nucleophile reacts at the less 


hindered carbon atom. 
The following examples illustrate the usefulness of the process. 


(1) Prenylation. Isoprene units can be introduced by reaction with a readily 
formed enolate from a diactivated CH group, as in a synthesis of (E,E)-farnesol: 


An A Lcosme sPOCle 5 An Looe 


Ae SO,Ph 
2 Cee Ne ~ K-02Me 
CO,Me 


The allyl complex is formed by the non-conjugated C==C bond in preference to 
the conjugated, stabilized one. Hydrolysis of the ester group, monodecarboxy- 
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lation (assisted by the sulfone group, cf. B-keto-acids, p. 296), reduction of the 
remaining carboxyl by DIBAL (p. 660), and finally hydrogenolysis to remove the 
sulfone gave (E,E)-farnesol: 


ie 2a Pel Pew ewe 
hi 
Sw iN CO2Me 2) heat SC SS NN OH 


CO;Me 3) DIBAL 
aE (E,E)-tameso! 


(2) Formation of conjugated dienes. A doubly allylic acetate acts as a masked 
conjugated diene, e.g. 


ee ok 
Pd(PPh3)4 / THF 
EtO.C AAKRA COAL” —Ot—<“i‘“‘S;7CO 


CO.Et H  CO,Et 
SS 
Et lA Hoa 
Oe CO,Et 
85% 96% 


(3) Synthesis of macrocyclic nitrogen heterocycles. The following example 
shows that very large rings can be formed efficiently: 


O 
Pd(PPhg) = 
ine rw, N pee HN Vw N 
ea f 
NHAc NHAc 
70 - 80% 


Hydrogenation of the C==C bond and hydrolysis of the NHAc group gave 
indandenin-12-one (a spermidine alkaloid). 


(c) Heck reaction 


This is a coupling reaction in which the R group in RPdX (X = halide or acetate) 
replaces hydrogen at the less hindered carbon atom of an alkene. It is believed to 
occur by syn-addition of RPdX followed by syn-elimination of HPdX, 
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RPdX R 
Roa R' oo 
RPaX OR \ | syn-addition va 
R" R 


- PdX 
H R" 
o syn-etimination G 
” a a “-HPdX a 
R R' 


so that there is inversion of configuration at the carbon atom where substitution 
takes place, e.g. 


Ph Me Ph Ph 

PhHg(OAc) + Pd(OAc)z + \=—/ pereres \= 
Me 

65% 


The species RPdX can be formed in situ in several ways. The method using 
PhHg(OAc) as above is especially suitable for R = aryl, since ArHg(OAc) is 
available by mercuration of ArH (p. 388). Alternatively, RPdI can be generated 
from the iodide and Pd(OAc), in the presence of a weak base such as Bu3N. A 
particularly useful method is to employ palladium(o), since the process is then 
catalytic: 


RX +  Pd(PPha)« <a R-Pd(PPh)9X 
R 
AR N= + Pd(PPhg)p +) HX 
- 


As well as ary! groups, alkenyl groups and alkyl groups that do not contain a 
B-hydrogen (e.g. CH3, PhCH2, Me;C-—-CH)) can be employed. The alkene 
substituent can be varied widely (e.g. alkyl, aryl, CO.Me, CN, CH(OEt),), with 
yields usually >80% with a monosubstituted alkene and some 1,1- and 1,2- 
disubstituted alkenes, for example in coupling with phenyl, 


A il a Ph 
99% 100% 


The rate of coupling is strongly dependent on steric effects: for example, in the 
reactivity sequence 


OAc Ph Ph 
Pais fs i 2 FE 


ethylene is over ten-thousand times as reactive as a-methylstyrene in phenylation. 
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(d) Aromatic palladation 


Aromatic compounds which contain a benzylic-type nitrogen substituent undergo 
ortho-metallation with palladium(t): 


SyeR Sy 
@@ LigPdCy of + HCl + 2UICr 


This is the basis. of a method for generating ortho C—C bonds: the carbon atom 
bonded to palladium has nucleophilic character and reacts with acid chlorides and 
activated C=C bonds, e.g. 


~ N : R 
R'COCI OT ss + PdClo 
R 
_ N* 
f 
Pd_ 
Pry 


a 


(e) Bis-n?-allyl complexes from dienes. 


Conjugated dienes react with palladium(o) in the presence of a wide range 
of nucleophiles, such as water, alcohols, carboxylic acids, and carbanions, 
in a process known as telomerization. It involves a Pd(o)-catalyzed reductive 
dimerization to give a bis-1-allyl complex, nucleophilic attack, and reductive 
elimination, e.g. 


I. 
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Indicate the formal oxidation state and total number of electrons in the Problems 
valence shell of the transition metal in each of the following compounds: 


(a) f S (b) ere) (c) V4 
~ Et d i Fe 
Nis 0, — Fe — 
v 7 X'CO 
Sy Et oc ‘co \ 
Z 


(e) » (f) NMe. 


Cp—Rh_ (OC)s5Cr =< 
L 


OMe 


Predict structures for the following compounds using the 18-electron rule as a 
guide: 
C;H7Co(CO), (CsHs)2Fe(CO) (Cs5Hs)Fe(CO),(allyl) 


How would you employ organotransition metal compounds in the synthesis of 
the following? 


m from Avon 
(c) 


from 


(d ) i @ trom 


(e) OMe 


O - O 
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4, Rationalize the following reactions: 


a NH OPTIC N 
( ) aN catalyst oe 


Ph 
(6) 3 Maes Me,C cM 
Me,C—==N = 2). MeCN or) CMs 
. 3) HC!-H,0 rr 
O NH, 
(c) 
(OC)sWx_O. ZA OMe 
Some (00 WK ‘ 
Ph H 
(d) o 
an Me 
1) Buti HO 7 Me 
QT qeaar~ Yr 
3) MeCHO O OH 
4) Brz - HO 
(e) 9 
4 “He 
(f) SiMe, 


==— SiMe, 
Et020 1) Coo(CO)g EtO.C 
E020 \ 2) heat EtO,C 


- Co 1) CACO)sPy5 - Et,O-BF 
F 2) KOBu' 


3)Ip 
(h) CI 
Cl 1 oc Me 
s 
Me. _A._Me xs 

| —bi_Ph 

ZH 2)" 
S$ 


(OC)3Cr (tv s 


Se 
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O 


=} Ni(CO), Ph re Ph 
CO -H,0 O 
(i) 4 
O ~ Ni(COD), - PPh3 
Ne 


Hi 
CO,Me CO,Me 
(k) _NaCH(COMe)y Acom{ _)=CH(COMe 
Pd(OAc), - PPh; 
1 THE (25 °C) 
rcor{ mcr 
|__NaCH(CO2Me)2 Acom{ _)mcH(CO,Me), 
7 MeCN (80 °C) 
(Z 
) oi) PalPPhg)s (0.5 mole%) ss a 
AcOH 
(m) H 
H N 
Bien Y 1) Pd(OAc)p ees 
“we Br =a 
O 2) Ph7 S Ph 
(n) 


Pd(PPha)4 (3%) 
o™I EtgN (2 equiv) / MeCN 
S| 
EtO.C COLES 


EtO.C CO,Et 


(0) 


SO2Ar 
SOA r ‘ 


MeQ.C N 
MeO.C Oe 


U 
N 
OCO2Me Pd? - co 
SS 
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(Pp) Nhe 
I OMe 
+ S 
(9) 
E ==—E 
E = SS 
OSiMe2CMe3 
E= CO.Me 
(r) 


E = CO.Me 


OMe 


N 
> 
Pd(PPh3) 
sme 1 


E 
Pd’ / AcOH . 
ee E 
Me,CMe,SiO 


Oxidation 


The scope of the term oxidation has been discussed earlier (section 4.9). The 
processes described in this chapter are those which lead to the incorporation of 
oxygen or the removal of hydrogen from a molecule; those which result in the 
partial removal of electrons (e.g. the bromination of methane) are included only 
where they are employed en route to the introduction of oxygen or the removal of 
hydrogen, as in the conversion of toluene into benzaldehyde via benzal chloride 
(p. 599). 

The different techniques used in the laboratory and in large-scale industrial 
processes are stressed. In the former, complex polyfunctional molecules are often 
involved; regioselective and/or stereoselective reagents are required, many of 
which are expensive, and high temperatures have usually to be avoided. In 
industrial high-tonnage processes, relatively simple compounds are often involved 
which can withstand vigorous conditions; the first essential is cheapness. Air is the 
natural industrial oxidizing agent, as in the conversions of isopropanol into 
acetone, propylene into propenal, and naphthalene into phthalic anhydride, each 
over metal oxide catalysts at high temperatures. 

Bacterial oxidation is also employed industrially. For example, Acetobacter 
suboxydans is the best reagent for the specific oxidation of the C,-carbon of b- 
glucitol in the production of vitamin C (L-ascorbic acid) from glucose: 


OH CHO CH20H 
H—+-OH H--7—-OH 
HO Oo HO—-+—-H Hp-Ni HO-—+-H 
HO — H OH H OH 
HOO, H—-+-OH H——OH 
CH,OH CH,0OH 
a-D-glucose O-glucitol 
CH2OH OH 
Acetobacter ‘ Wa 
cetol ‘ 
suborydans | HO-T—H == yoL7° oe ee 
60-70% H OH 
6 OH 
CH,OH 


L-sorbose 


19.1 
introduction 
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19.2 
Hydrocarbons 


CH,OH 
OH rid oa ae 
pute ao eS ES aac mo 
HO OH cr H-+-—OH  “H0 Hq” 
OH Oo HO*S 
CO.H Hy “2 


CH,OH 
H- om 
HCI (boil) \ O 
HCN (boll) He 
HO OH 
L-ascorbic acid 


Both bacterial and enzymatic methods may eventually prove to be powerful tools 
for selective oxidation in the laboratory. 

This chapter is arranged according to the type of system to be oxidized, so that 
whereas the appropriate method for a particular oxidation can readily be found, 
the properties of any one oxidizing agent are not collected together. 


(a) Alkene double bonds 


(i) Epoxidation. Alkenes react with peroxyacids to give epoxides. The reaction 
is usually expressed as 


ft A 
07 0 0” “OH 
O-H pam 
funy a { yaeed 2 
os 5 089 


but this does not reflect the fact that electron-releasing groups in the alkene 

increase the reactivity (e.g. RCH=CHR ~ R,C=CH, > RCH=CH, > 

CH2==CH)), as do electron-attracting groups in the peroxyacid: that is, there is a 

partial transfer of electrons from alkene to peroxyacid at the transition state. 
The important characteristics of the reaction are: 


@ It is regioselective for the more electron-rich double bond when more than 
one is present, e.g. 


oe peroxyacid és < e 


OXIDATION 


@ It is stereospecific, as expected from the above mechanism; for example, cis-2- 
butene gives only the cis product: 


oO 
Hee tH peroxyacid ; = 
M a Me Se Vf! py Neo 


le Me 


e Cyclic alkenes are attacked predominantly from the less hindered side, e.g. 


é...., 
ae peroxyacid i 
H 


The peroxyacid can be prepared in situ from the parent acid and hydrogen 
peroxide. However, it is generally more convenient to use a commercially avail- 
able compound. One which has been widely used and gives good yields is m- 
chloroperoxybenzoic acid but safety considerations have led to its replacement by 
the magnesium salt of monoperoxyphthalic acid. A peroxyacid from a relatively 
strong acid such as CF;CO>H is unsuitable since the acid released during ep- 
oxidation is sufficiently strong to bring about ring opening of the epoxide (see 
p. S91). 

aB-Unsaturated carbonyl compounds. These can be expoxidized by an alkaline 
solution of hydrogen peroxide. Nucleophilic addition of HOz to C=C is 
facilitated by the C=O group (cf. Michael reaction, p. 240): 


7 an awe on =P 0 


Enantioselective epoxidation: Sharpless reaction. An alkene which is achiral 
inevitably yields a non-optically active product with an achiral oxidant. However, 
allylic alcohols give mainly one enantiomer of a pair when epoxidized with t-butyl 
hydroperoxide in the presence of Ti(OQCHMez), and a chiral dihydroxy compound 
such as (2R,3R)-diethyl tartrate, e.g. 


1 remand a He thch.on 
CHa" —="SCH,OH =": HY en + Coos a 2 
CoH CH20H O 
5 parts 95 parts 


The (25,3S)-tartrate gives the same enantiomers but in reversed proportions. 
It is thought that oxygen is transferred from the hydroperoxide to the alkene 
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within a complex in which the configurations of the two ester groups determine 
whether the oxygen is delivered mainly from above the plane of the alkene or 


from below it. 
Reactions of epoxides. The value of epoxidation lies in the variety of synthetic 


pathways readily available by cleavage of the strained ring: 


(1) Reduction (lithium aluminium hydride) gives an alcohol (p. 656) 
H H. CH 
Rad LAI, Ra-CHs 
OH 


oO 


(2) Treatment with a Lewis acid gives a carbonyl compound, e.g. 


H 
A BF fe, 22239. R.,+ sot ee 
Me & - Be 
0 o OBF5 
FB" 


H H H 
R hun : \ <i Bi: ae 
H RY _p erent: ae! 
Hi BF H 10] 


OBF, 
(3) Treatment with dimethyl sulfoxide gives an a-ketol (cf. p. 610): 


.- + 
oe 2 P a 
R H U Teves R O 
CT] _— 2 
o®) oO R' HO R' 


(4) Hydrolysis gives a 1,2-diol. Either acidic or basic conditions can be used; 
in the former, the reactivity of the epoxide to a weak nucleophile (water) is en- 
hanced by protonation of the ring oxygen. The product has trans stereochemistry 
as a result of the stereospecificity of Sy2 displacements (p. 160): 


H20: 
R R HO H 
Hossa HO 4 : op Ht gah 
PP R 
0 GO H OH 
H 

HOT 
R ) H HO H HOH 


ety Ry 
y H OH 


OXIDATION 


Other weak nucleophiles such as alcohols and bromide ion are also effective 
when the expoxide’s reactivity is increased by protonation. As in other Sy2 
reactions, the less alkylated carbon atom is the more reactive, e.g. 


Ne: iy H HB Ky 2, Pr Br iy H 
os fc “ $ 
iv gales ony Yan 
ce) HO H H OH 
76% 24% 


However, if ring opening of the protonated epoxide gives a carbocation that is 
strongly stabilized (e.g. by a phenyl substituent), the Sy1 mechanism is favoured. 
Consequently the stereospecificity is lost, and the nucleophile attacks at the 
substituted carbon. 

The ring opening of epoxides of rigid cyclohexene systems gives trans-diaxial 


products: 
HO" ) OH 
toe ea 
o OH 


Industrially, ethylene oxide is made by the oxidation of ethylene with atmos- 
pheric oxygen at pressures up to 300p.s.i. over a silver catalyst at 200--300°C. Its 
most important use is in the production of ethylene glycol, required, for example, 
for the manufacture of terylene. 


(ii) Diol formation. As well as the method for obtaining trans-1,2-diols via 
epoxides, there are three methods for converting alkenes directly into diols. 


1. Osmium tetroxide. The addition of an alkene to osmium tetroxide in ether 
causes the rapid precipitation of a cyclic osmate ester. Pyridine, which complexes 
the osmium atom in the ester, is often added as a catalyst. The ester is then 
hydrolyzed, commonly with aqueous sodium sulfite, to give a cis-1,2-diol. 


VW 0 RG fo) Re 
= s ¢-OH 
2 = H 
Ape ==, a sz? +0. + H2OsO, 
% *O = Oo “Oo 
 O R*: R% OH 
R R R' R 


As well as its syn-stereospecificity, its other characteristics are the same as those 
of epoxidation: 


@ It reacts with the most electron-rich double bond when more than one is 
present, so that it can be used regioselectively. 

@ It attacks rigid cyclic systems from the less hindered side, thereby yielding the 
more stable of the two possible cis-diols (compare the iodine-silver acetate 
method below), e.g. 


591 


592 


PRINCIPLES OF ORGANIC SYNTHESIS 


Me Me Me 
LL MP Sarr 
/ 
Oz=Qs5 
(8) OH 


WON, 
10) 


Because of both its expense and its toxicity it is best to use osmium tetroxide in 
catalytic quantities by carrying out the reaction in the presence of a tertiary amine 
oxide or alkaline t-buty! hydroperoxide; the intermediate osmate ester regen- 
erates the tetroxide, e.g. 


. R 
RZ Q RG_OH 
a ‘osz0 + RN-O + HO —-> ‘lc + OsQ, + RN 
\e) Rw? OH 
R R 


2. Potassium permanganate acts similarly to osmium tetroxide: 


R' R’ 
ee - Reo 0 ae R&_OH 
} MnOq oa Mo Pool adele g6 

L q on A OH 
Rg fs 


RR 


It is normally used in an aqueous solution in which the organic compound is 
dissolved or suspended; a co-solvent (usually t-butanol or acetic acid) is some- 
times employed. In order to prevent further oxidation it is necessary to work in 
alkaline conditions, for otherwise the cis-diol is oxidized further with formation of 
an a-hydroxyketone or by cleavage of the C-——-C bond. In general, permanganate 
is less selective, and therefore less satisfactory, than osmium tetroxide, but it has 
the advantage of being less hazardous to use and very much cheaper. 


3. lodine-silver acetate (‘wet’). This method also yields cis-diols. The alkene 
is treated with iodine in aqueous acetic acid in the presence of silver acetate. 
Iodine reacts with the double bond to give an iodonium ion which undergoes dis- 
placement by acetate in the Sy2 manner, giving a trans-iodoacetate. Anchimeric 
assistance by the acetate group, together with the powerful bonding capacity of 
silver ion for iodide, then lead to the formation of a cyclic acetoxonium ion which 
in turn reacts with water to give a cis-hydroxyacetate. Final hydrolysis gives the 
cis-diol: 


RR 


f R 
: RN 
| Ip, Aco” “KD : 
*, r ’ 

R' R 


R R' 
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R 
4 OW fa R’ Ht Me a AR H* Me Oo maR 
me HO HO 
O-*%eR oO "R! = )60 “R 
HO ! 
H 
R R 
es Me. On fF — pydoyie HO 
On0 8445 R’ HO wunR? 
R R 


In a rigid cyclic alkene, approach of the iodine from the less hindered side leads 
ultimately to the less stable cis-diol, e.g. 


Me ae Me 9 Me 


4. lodine-silver acetate (‘dry’). The same reaction carried out in the absence 
of water leads to a trans-1,2-diacetate from which the trans-diol is obtained by 
hydrolysis (Prévost reaction): 


RR 


lz - AgOAc AcO 


ROR 


(iii) Cleavage of the double bond. 


I. Ozonolysis. Ozone reacts as an electrophile with alkenes forming a pri- 


mary ozonide which rearranges through a zwitterionic intermediate to an isolable 
ozonide: 


- 6 5 
“oS oO, 
co Co ‘Oo 
=A Doe rege) : 0-0 


primary zwitterionic isolable ozonide 
ozonide intermediate 
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Ozonides are dangerously explosive, however, and are usually converted at once 
into products. Direct solvolysis gives ketones and/or acids, depending on the 


structure of the alkene e.g. 


RR 0-0 ,, R HO-O ., 
Yom ose HSC te Oo + i 
R oH Ror A a Ho 4 
HO-O ,. 
R ak he . HO 
HO A re) 


It is often more useful to carry out the solvolysis in the presence of a reducing 
agent. With zinc and acetic acid or dimethyl sulfide, only carbonyl compounds are 
formed; dimethyl sulfide has the advantage that other reducible groups in the 
compound are not affected and its suitability stems from its ability to reduce 


hydroperoxy compounds: 


‘OH H 
ny ares aa) + OSMen2 + £4OH™ 
R™ 6073 su R 

~ ty’ eo 


For example, 
1) Og 
eer 2) MezS aati cso + CHO 
75% 
With lithium aluminium hydride, further reduction occurs to give alcohols, e.g. 


HO7 ™ 


1) O3 OH 
ow aw aS ; 
Oo 2) LAH A Ir + 


89% 


Alkynes are also oxidized by ozone but they generally react at only about one- 
thousandth the rate of alkenes just as they are less reactive than alkenes towards 
other electrophiles (p. 87). Selective oxidation of C==C in the presence of 
C==C can therefore be achieved. Reaction with alkynes gives carboxylic acids, 
together with small amounts of a-dicarbonyl compounds, probably by a mech- 


anism analogous to that for alkenes: 


OXIDATION 


Aromatic rings also undergo ozonolysis (p. 596). 


2. The Lemieux reagents. Ozone is unpleasant to handle and is not selective 
for alkenes, e.g. secondary alcohols are oxidized to ketones and tertiary C—H 
bonds to alcohols. Ozone has therefore largely been displaced by the Lemieux 
reagents which consist of dilute aqueous solutions of sodium periodate with a 
catalytic quantity of potassium permanganate and of osmium tetroxide, respect- 
ively. In each case, the alkene is first oxidized to the cis-diol which is then cleaved 
by the periodate (p. 616) to give aldehydes and/or ketones. The permanganate 
reagent then oxidizes aldehydic products to carboxylic acids. The low-valent states 
of manganese and osmium generated during the reaction are re-oxidized by the 
periodate to their original state so that only catalytic quantities are required. The 
reactions are rapid at room temperature and are selective for alkenes, e.g. 


ee -NalO4 > KMNO, | eo + MeCOH 


3. Chromium(vi) oxide. The cleavage of C=C bonds with chromic oxide is 
competitive with oxidation of allylic C—-H bonds, e.g. cyclohexene gives a 
mixture of 3-cyclohexenone and adipic acid: 


16) 
£03, 1 CO2H 
CO H 
The use of a partially aqueous medium favours the cleavage process, whereas 
an anhydrous medium such as glacial acetic acid favours allylic oxidation. In 
addition, cleavage is promoted by the presence of pheny! substituents, evidently 


because the first step involves the formation of a carbocation which is stabilized 
by adjacent aromatic rings: 
rae ae) 
X on —_—— “NS NAL 
prow * oO or OH Ph Cr 
fe) 


OH 


(b) Aromatic rings 


The oxidation of unsubstituted aromatic rings which results in the loss of the 
associated stabilization energy requires vigorous conditions. Reaction can result 
either in the cleavage of the ring or in the formation of quinones. 
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Ozone effects cleavage, e.g. 
CO.H 
me 
CO,H 


phthalic acid (88%) 


SP cc) 
COH 
CO3H 


diphenic acid (65%) 


An industrial method, which is far cheaper than ozonolysis, employs aerial 
oxidation over a vanadium pentoxide catalyst at 400-500°C. For example, maleic 
anhydride and phthalic anhydride are cheaply available from benzene and 


naphthalene: 
0 
0.5 
ce) 


Oo 
ave. CLP 
oO 


The latter process is particularly important since some of the derived diesters (e.g. 
dinonyl phthalate) are used as plasticizers for cellulose acetate and polyvinyl 
chloride. Polyester resins and phthalocyanine dyes are also manufactured from 
phthalic anhydride. 

Chromium(vi) oxide can also be used: for example, quinoline is oxidized to 
pyridine-2,3-dicarboxylic acid which readily loses the 2-carboxy-substituent on 
being heated (p. 389), providing an easy route to nicotinic acid: 


HO 
Cxr3 CrO3 i heat ae 
N7 HO,C~ ~N7 O02 nz 


nicotinic acid 


Chromium(vi) oxide does not invariably lead to ring fission. For example, it 
reacts with naphthalene in acetic acid solution at room temperature to give 1,4- 
naphthoquinone in about 20% yield [4]: 


OXIDATION 


co = OD 


The aromatic rings of phenols are very susceptible to oxidation by one-electron 
oxidants, for the removal of a hydrogen atom gives a delocalized aryloxy radical, 


OH O° f°) 9 © 
G+ 0-0-0-0 
The fate of the radical depends on the structure of the phenol. Diphenols can 
be formed, as in the oxidation of 2-naphthol by iron(im) ion, 


OH a MgO 
2 am SL 


tautomerizes On 
aoe 


further oxidation to quinones can occur, e€.g. 


Me Me Me Me Me 
Fee" Bee ma (-2H) 

2 HO HON Ae o C=.) ¢ 

Me Me Me Me Me 


and cyclization to derivatives of dibenzofuran can arise through intramolecular 
nucleophilic attack on an intermediate quinone. For example, the oxidation of p- 
cresol by hexacyanoferrate(il) ion gives, in addition to carbon-carbon dimers, 


Pummerer’s ketone: 
O O 
Fe(CNle* as Se eg oe 
Me : Me 


OH 


Me 
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— OE? - 


Pummerer's ketone 


A synthesis of usnic acid is based on this mode of coupling. Hexacyanoferrate(1i) 
oxidation of methylphloroacetophenone gives a dimer which is dehydrated by 
concentrated sulfuric acid to (+)-usnic acid: 


COMe Come: 
HO OH 
Lose ET 
Me Mi 
Le Me HOH COME 
M 
COMe O 
se YAY 
-H,0 Me OM 
Me on on COMP 
(4)-usnic acid 


Aromatic amines are also sensitive to oxidation and discolour in air. The 
products are complex and the processes are of little use except in two cases: first, 
specific methods for oxidizing the amino group rather than the aromatic ring are 
available (p. 621) and second, aniline is oxidized to p-benzoquinone in 60% yield 


by dichromate: 


NH, 10] 
NazCr2O7 - HeSOx 


oO 


Industrially, aniline is oxidized to p-benzoquinone with manganese dioxide and 


sulfuric acid. 
The ortho and para dihydric phenols are readily oxidized to the corresponding 
quinones by one-electron oxidants. Reaction occurs through delocalized semi- 


quinone radicals, e.g. 


OXIDATION 


o Oo oy O 
O#O-9O*0 
oO oO oy 1°) 
o-Benzoquinone may be prepared by the oxidation of catechol (from sali- 
cylaldehyde by Dakin’s reaction; p. 447) with silver oxide suspended in ether; 


sodium sulfate is added as a dehydrating agent since the quinone is rapidly 
attacked by water (addition to the af-unsaturated carbonyl] system): 


OH O 
Cr Aq20, Cr + HO 4 2Ag 
OH O 


The corresponding aminophenols react similarly. For example, 1-amino-2- 
naphthol (readily available from 2-naphthol by nitrosation or diazo-coupling fol- 
lowed by reduction, p. 380) is oxidized by iron(nt) chloride to 1,2-naphthoquinone 
in over 90% yield [2]: 


NH, oO 
1,2-naphthoquinone 


(c) Saturated C—H groups 


(i) Allylic and benzylic systems. The comparative stability of allyl and benzyl 
radicals, e.g. 


CH)=CH—CH, ==  CHj,—CH=CH, 


renders allylic and benzylic systems susceptible to oxidation via free-radical reac- 
tions. Autoxidation has been described (section 17.5). An alternative approach is 
through radical-catalyzed halogenation (p. 531). For example, the chlorination of 
toluene in the vapour phase or under reflux gives benzyl chloride, benzal chloride, 
and benzotrichloride, from which benzyl alcohol, benzaldehyde, and benzoic acid, 
respectively, are available by hydrolysis: the alcohol and aldehyde are produced 
in this way on an industrial scale. However, the difficulty of separating the 
halogenated products efficiently in the laboratory necessitates the use of more 
specific methods. 


Oxidation to alcohols. Toluene can be oxidized to benzyl alcohol with sulfuryl 
chloride in the presence of a radical initiator. such as a peroxide followed by 
hydrolysis of benzy! chloride, 
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peroxide hydrolysis 
PhMe + SOC BOR PhcH,cl —2SOYSS. — PhCH.OH 
A method of wide application for allyl systems is the use of selenium dioxide. It 
is thought to act by an ‘ene’ reaction (p. 295) followed by a (3,2]-sigmatropic 
rearrangement and hydrolysis of a selenium ester: 


on 
O=Se=O0 Se OSeOH 
sa a) ye) — \ / . 
Vo eS 
hydrolysis \ OH 4  Se(OH), 


By including t-butyl hydroperoxide to reoxidize Se(OH)2, selenium dioxide can 
be used in catalytic amount. 


Oxidation to aldehydes. Commercially, a particularly important example is the 
oxidation of propylene to propenal CH,==-CH—CHO, over copper(it) oxide at 
300-400°C. The product is largely converted into glycerol (required for nitrogly- 
cerine), by reduction to allyl alcohol followed by hydroxylation with hydrogen 
peroxide. A development involves the air oxidation of propylene in the presence 
of ammonia over a catalyst (e.g. bismuth molybdate); propenal is probably 
formed first and reacts further: 


N 
oO 
wo + 202 + NHg + 2H,0 


This process for acrylonitrile has superseded that from acetylene and hydrogen 
cyanide. 
Three methods are available for the selective oxidation of ArCH; to ArCHO. 
(1) With chromyl chloride (Etard reaction). A solution of chromyl chloride in 


carbon disulfide is added cautiously to the benzylic compound at 25-45°C and the 
brown complex which separates is decomposed by water to give the aldehyde and 


chromic(v1) acid, e.g. 
Me CHO 


1) 10,02 O82 
Me 2) He Me 


75% 


The aldehyde must be removed rapidly by distillation or extraction to prevent its 


further oxidation. 
(2) With chromium(v1) oxide in acetic anhydride. Oxidation is carried out with 
chromium(v1) oxide in a mixture of acetic anhydride, acetic acid, and sulfuric acid 


OXIDATION 


at low temperature. As it is formed, the aldehyde is converted into its 1,1- 
diacetate which is stable to oxidation; this is isolated and reconverted into the al- 
dehyde by acid hydrolysis. For example, p-nitrotoluene gives p-nitrobenzaldehyde 
in about 45% overall yield [2]: 


Me CHO CH(OAc), 


CrO3/ AczO - 
ACOH - H2SO,4 
N 


NO, ; 


(3) With p-nitrosodimethylaniline. The benzylic compound is treated with p- 
nitrosodimethylaniline and the resulting imine is hydrolyzed. The method is 
applicable only to those compounds whose methyl groups are strongly activated, 
e.g. 2,4-dinitrotoluene 


ArMe + NC one, 0, NX Ne, 
roi Ar—X 
H 
hydrolysis 9 


Oxidation to carboxylic acids. Methyl groups on aromatic rings can be oxidized 
with chromium(vt) oxide, permanganate, or nitric acid. For example, dilute per- 
manganate oxidizes o-chlorotoluene to o-chlorobenzoic acid in about 65% yield 


{2}, 


CO,H 


Cl 
_KMnOg 


and concentrated nitric acid oxidizes o-xylene to o-toluic acid in 54% yield [3]: 
CO,H 


care wm Cy" 


Substituents on the methyl group are also removed in these conditions, e.g. 
nicotine is oxidized to nicotinic acid by concentrated nitric acid at 70°C: 


CO2H 
_HNOs ee : 
NZ 


icotinic acid 
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Industrially, benzoic acid is manufactured by the catalytic air oxidation of toluene. 
Its main use is in the production of sodium benzoate which is employed as a 
preservative for foodstuffs and pharmaceuticals. Benzoyl! chloride is used to 
prepare dibenzoyl peroxide, used for initiating addition polymerization (and, on 
the laboratory scale, for other radical-catalyzed reactions) and as a bleaching 
agent. 


2PhCOC] + HO, Pe. Ng Pr + 2HCI 


(ii) The —CH,—CO— system. Methylene groups adjacent to carbonyl may 
themselves be oxidized to carbonyl in two ways. 


I. Through the oxime. The methylene group is activated by the carbonyl 
group towards reaction with organic nitrites in the presence of acid or base (p. 
319). The resulting nitroso compound tautomerizes to the oxime which may be 
hydrolyzed to the a-dicarbonyl compound: 


neo NOH 


+ = R 
i a RONO - H” (or OH”) Ri Ae — are 
(0) fe) 


oO 
oO 
hydrolysis R a R' 
ce) 


Methylene groups are oxidized in preference to methyl. For example, butanone 
gives CH;COCOCH3. 


2. By selenium dioxide (Riley reaction). The reaction is thought to occur as 


follows: 
HO, -O 
~Se 
R R Ra R Se0, Ye R 
Pid ee 
Oo OH Oo 
Oo 
u 
‘4 Se ne Oo 
SHO RAR ae ior +  H,SeO 
ie) ie) 


For example, camphor reacts in refluxing acetic anhydride to give camphorqui- 
none in 95% yield, 


OXIDATION 


a 
oO 


camphorquinone 


and acetophenone reacts in dioxan to give phenylglyoxal in about 70% yield [2]: 


fe) 
Ph ‘r Me SeO, Ph +> ' 
oO fe) 
phenylglyoxal 


In contrast to the oxime method, selenium dioxide preferentially oxidizes 
methyl rather than methylene groups. For example, butanone gives mainly 
CH,CH,COCHO. Selenium dioxide is of limited scope because it is unselective: 
it can bring about the following oxidations: 


oO OH 
RArp — est R7 ~~ — ee Tr 
Oo 
oO 
Ar~~ Ar —_— Ar can AIL ™ Ar’ —- ANNAN pp 
x 


Oxidation of --CH,—CO-- and 


\ 
/ 


a strong base such as potassium t-butoxide and reacts with oxygen to give a 
hydroperoxide (p. 557). This is reduced to the corresponding alcohol with a 
trialky! phosphite. 


os to —CH(OH)—CO— and 


C(OH)—CO— can also be effected. The enolate is formed in the presence of 


(iii) The —-CH,—CH,—-CO— and related systems. Dehydrogenation to give 
an af-unsaturated carbonyl compound can be brought about by acid-catalyzed 
bromination followed by base-catalyzed dehydrobromination: 


Br 
R R' Bro PLA LR base R oO R' 
ae 6 (H* ) O -HBr i 
However, a more recent development has two advantages: acidic conditions are 
not required, and no base is present when the product is formed, so that possible 
base-catalyzed reactions are avoided. It consists of making either a sulfide or a 


selenide derivative and oxidizing with hydrogen peroxide to the sulfoxide or 
selenoxide which undergoes a ready thermal syn-elimination. The procedure via a 
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sulfide has been described (p. 474). That via a selenide is usually carried out by 
generation of the enolate with LDA followed by treatment with benzeneseleny! 
bromide and then hydrogen peroxide: 


PhSe—B 
\ : PhSe 
R R R’ Ay 
LDA NN R R 
aa 6 LOA | es 
Oo ) 
Ce” 
~) 
Hep Hon wereeon RAN 
R oO O 


The carbonyl group may be ketonic or part of an ester function, and af- 
unsaturated nitriles also react. Yields are mostly very good, e.g. 


ae =a a 
oO oO 
80% 


Orem = Chom 


96% 


80% 


Finally, the y-dicarbony! system undergoes dehydrogenation by autoxidation in 
the presence of base; reaction occurs through the dienediolate dianion which 
donates two electrons successively to oxygen to form first a relatively stable anion- 
radical and then the enedione (cf. p. 599): 


R base Ro Oz, 
a oi aa 
ie) oO 
Oo oO ie) 
. : O. R' 
any Re R Wy Ri ic aA 
Oo O- 1@) 


(iv) Unactivated C—H. The selective oxidation of one unactivated C—H 
group in a molecule possessing alternative centres for attack is attended by the 


OXIDATION 


difficulty that the reagents with which C—H bonds react — essentially only free 
radicals — are relatively unspecific. However, selectivity is obtained in two circum- 
stances. First, a relatively unreactive free radical, such as the bromine atom (p. 
532), discriminates quite sharply in favour of tertiary C—H compared with 
primary or secondary C—H, and the oxidation of tertiary C—H to C—OH 
can sometimes be achieved directly with alkaline permanganate; reaction occurs 
with retention of configuration: 

R’ R" RR" 

N KMnO, g 
a Oe _.) Sa O 


Second, intramolecular free-radical abstraction reactions occur specifically 
through six-membered cyclic transition states, so that it is possible selectively to 
oxidize 5-CH bonds, e.g. 


ZN. H : 
oyna Be 6 MER HO aa 
NO a: 
O OH 
"oH N R re) R 


Examples of the application of this principle have been described earlier (p. 554). 

The very vigorous oxidation of hydrocarbon chains by chromium(vi) oxide in 
concentrated sulfuric acid oxidizes most substances to carbon dioxide and water, 
but C-methyl groups give mainly acetic acid. This procedure has often been 
applied in determining the number of C-methyl groups in a compound of un- 
known structure (Kuhn—Roth method). 


Regioselective dehydrogenation. A method for introducing a C=C bond in a 
steroid, with good regioselectivity, can be illustrated by the following conversion 
of 3a-cholestanol: 


It is accomplished by irradiation of the ester shown; the geometry is such that the 
ketone’s triplet can come to within bonding distance only of the hydrogen atom at 
C4, and abstraction of that hydrogen followed by a second hydrogen gives the 
unsaturated ester from which the product is obtained by hydrolysis. 
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R R 
14 hy 7 H 
H Sree 
@) sensitizer Oo 
Ph Ph 
R 
fe) 
TQ: 
pro 


The method is capable of adaptation to other regioselectivities by varying the 
nature of the esterifying acid. 


(v) Aromatization. Alicyclic compounds which are reduction products of aro- 
matic systems can be dehydrogenated to the respective aromatics in several ways. 


1. With sulfur or selenium. Reaction occurs with sulfur at about 200°C and 
with selenium at about 250°C, the hydrogen being removed as hydrogen sulfide 
or hydrogen selenide. Skeletal rearrangements may occur and carbon atoms may 
also be removed; in particular, angular methyl groups are degraded, e.g. 


Diels’ hydrocarbon chrysene 


cholesterol 


Selenium is less destructive than sulfur and is usually preferred but the methods 
are of more value in degradation than in synthesis. Distillation with zinc dust has 
essentially the same effect but is more destructive. 


2. Catalytically. Allicyclic rings which contain some unsaturation can be de- 
hydrogenated on those catalysts which are successful for hydrogenation (section 
19.2): palladium on charcoal or asbestos is the most commonly used. The con- 
ditions are far milder than those using selenium and the procedure is widely 


OXIDATION 


applied, e.g. the reduced isoquinolines obtained by the Bischler—Napieralski 
synthesis are usually oxidized in this way (p. 706): 


Ct se OO 


3. With quinones. Partially unsaturated alicyclic rings are oxidized by quin- 
ones through hydride-ion transfer, e.g. 


ayeese . of - of 
=O 


The driving force results from the conversion of both the quinone and the alicyclic 
system into aromatic compounds. Quinones which contain electron-releasing sub- 
stituents are stabilized relative to their quinols, e.g. 


MeO MeO 


+ 
OMe OMe 


and are less powerful oxidants than those containing electron-attracting substitu- 
ents. Chloranil* is frequently used, as in a synthesis of p-terphenyl, 


* Chloranil is obtained by heating benzoquinone with potassium perchlorate and hydrochloric acid. 
Nucleophilic attack by chloride ion on the quinone gives a chloroquinol which is oxidized by the 
perchlorate to the chloroquinone. Successive reactions of this type give chloranil: 


. fe) mee OH 
(om Cl 
Cl KGIOy 
o? Co oi 
O fo) 
cl Cl cl 
Cl cl 


607 


608 


PRINCIPLES OF ORGANIC SYNTHESIS 


19.3 
Systems 
containing 
oxygen 


OD 


and 2,3-dichloro-5,6-dicyanobenzoquinone is a still more powerful reagent. 


(a) Primary alcohols 


(i) To aldehydes. The oxidation of a primary alcohol to an aldehyde is at- 
tended by the difficulties that, first, aldehydes are readily oxidized to acids by 
many reagents and, second, under acidic conditions the aldehyde reacts with 
unchanged alcohol to give, in an equilibrium mixture, some of the hemiacetal 


which is readily oxidized to an ester: 
OCH,R 


R . . 
RCHO + RCH20H eee H-}-OCH,R oxidation RY 
HO 0 


Mechanistically, one commonly employed principle is to attach a strongly 
electrophilic group, X, to the oxygen of the alcohol, so that H* and X~ can be 


eliminated, 
+ - 
RCHOH = —= 9Q% +t " Ao 


A second approach is to employ a hydride-accepting oxidant, 


Ox 


HH 7 
aon — shai + H-Ox + Ht 


I. Chromium(vi) oxide. For the lower-boiling aldehydes, the simplest oxi- 
dation procedure is to add an acid solution of potassium dichromate slowly to the 
alcohol. Use is made of the fact that aldehydes boil at lower temperatures than 
the corresponding alcohols so that by maintaining the temperature above the 
boiling-point of the aldehyde but below that of the alcohol, the aldehyde distils as 
it is formed, e.g. propionaldehyde can be obtained in about 47% yield [2]: 


OXIDATION 


~~ OH KoCr207 - HoSOu ae 
H 
bp.97°C bp. 485°C 


Reaction occurs through the chromate ester, via a cyclic transition state: 


H H 490 H 


OH 
H2CrO ‘ 
RCH,OH Ste rors" eee ta 


Lr. 
O” ~OH 


The chromium(tv) then disproportionates to give chromium(t) and chromium(vi). 

The yields of aldehydes can often be increased by use of the complex, 
CrO,-2CsH;N, formed by chromium(v1) oxide with pyridine (cf. the use of 
pyridine-sulfur trioxide as a mild sulfonating agent, p. 381). Addition of the 
chromium(v1) oxide to pyridine is followed either by addition of the alcohol or, 
better, by isolation of the complex followed by oxidation in dichloromethane. 
For example, with the latter variant, 1-heptanol gives heptanal in 70-80% yield 


[6]: 


H 


CrO3:2CsHsN eee eS 


This method is particularly useful for compounds which contain acid-sensitive 
groups (e.g. acetals) or other easily oxidized groups (e.g. C==C bonds). 

In a variant of this method, pyridinium chlorochromate, C;sH;NH* ClCrO; , 
which ts precipitated when pyridine is added to a solution of chromic oxide in 
hydrochloric acid, is used in dichloromethane solution. 


2. Chlorine. Chlorine oxidizes by the acceptance of hydride ion from the 
alcohol: 


ae as H = —»  RCHO + = 2HCI 
The hydrogen chloride produced can catalyze chlorination of the C—H bonds 
adjacent to the carbonyl group, so that the method is not in general suitable for 
the formation of simple aldehydes. However, a number of important compounds 
are available through the oxidation of ethanol with chlorine: 


CHsCH,OH = 2 CHACHO > SCCICHCHO 25k. GccHo 
NH> /NH3 H OEt 
H 2 EtOH H 
ia eo ci 
fe) EtO OEt 
NH HN 


Eto OEt 
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ckccHo }«=0- 4 CHCR, Ss += HOS 


By passing chlorine into ethanol until the specific gravity reaches 1-025, mono- 
chloroacetaldehyde is obtained in good yield. Addition of more ethanol to the 
now acidic solution gives the corresponding acetal from which ethoxyacetylene 
and the amino-acetal (for the Pomeranz—Fritsch synthesis of isoquinolines, see 
pp. 707, 708) can be obtained. Further chlorination of monochloroacetaldehyde 
gives chloral and thence chloroform. 


3. Dimethyl sulfoxide. There are two methods of using dimethyl sulfoxide. 
Either the sulfoxide is treated with an electrophile to form a species which is 
activated towards addition of the alcohol to the sulfur atom and which also 
possesses a good leaving group, or the alcohol is activated by conversion into its 
tosylate which reacts readily with the sulfoxide. In each case an alkoxysulfonium 
ion is formed which undergoes base-catalyzed elimination to give the carbonyl 
compound. 

The first method can be illustrated by reaction with an acid chloride: 


: P OCOR 
MezS-O + RCOC| —= Me,S—ocor Cl -SEBON | ye,s 
OCHSR' 


-R0Oe, — Me,S-ocH,R =ESN oes + =RICHO +  EtNH 
Oxaly! chloride, CICO—-COCI, is a particularly effective electrophile (Swern’s 
method); reaction occurs at temperatures as low as —60°C. 
Dicyclohexylcarbodiimide is also a very effective reagent. An acid is added to 
catalyze the first step, and the addition of base to complete the reaction is 
unnecessary because an intramolecular hydrogen shift occurs spontaneously: 


RNH 


Ht + Me2SO 
=C= 3 =C= PLL? nee + 
RN=C=NR RNH=C=NR eke ie 
RNH 
On +_Me 
R’CH2OH oJ (NR -{RNH)2CO BCH <3 
a FICHO~ SoH H#CH, 


Me 


—- —_-R'CHO + Me,S 


In the second method (Kornblum’s method), the tosylate is treated with di- 
methyl sulfoxide in the presence of sodium hydrogen carbonate for a few minutes 
at 150°C: 


OXIDATION 


RCH,-oTs -“MES2- RCH) -O0SMe “82- —RCHO + Me 

Since the first, and key, step is an Sy2 substitution, benzylic compounds, which 
are more reactive than alkyl derivatives towards nucleophiles, react at a lower 
temperature (100°C) and the very reactive a-bromo-ketones undergo oxidation 
directly, even though bromide ion is not as good a leaving group as toluene-p- 
sulfonate, e.g. 


Ph ‘ 
Ws : Me,SO Pa A 


O O 


Amine oxides act similarly to dimethyl sulfoxide, and pyridine N-oxide in 
particular has been used to prepare aldehydes from halides and sulfonates: 


Br) ,~. +4 HH + A 
NO o-N oe » ont | +e ocho + | 
Ms = R~~OU S 


4. Catalytic dehydrogenation. Dehydrogenation over copper or copper chro- 
mite occurs at about 300°C. Industrially, silver is employed as the catalyst for the 
production of formaldehyde and acetaldehyde. The dehydrogenation step, e.g. 


CHj0H 2+ CHO + Hp 


is endothermic (AH > +100kJ mol™~'), but in the presence of air a second type of 
oxidation occurs, 


A 
CHjOH + 1/20, —= CHO + HO 


This is strongly exothermic (AH = —150kJ mol‘), so that by carefully controlling 
the air supply, a steady temperature is maintained and the reaction becomes self- 
supporting. Acetaldehyde is also manufactured from ethylene (p. 578). 


(it) To carboxylic acids. Primary alcohols can be oxidized directly to acids by 
reagents such as chromic(vi) acid, nitric acid, and potassium permanganate but in 
each case side reactions occur and yields are usually not high. For example, 
chromic(vi) acid degrades carboxylic acids to smaller molecules, ultimately giving 
acetic acid (from C-methyl groups) and carbon dioxide (see Kuhn~Roth oxi- 
dation; p. 605). 

A selective method is, however, available: namely, the use of molecular oxygen 
on a platinum catalyst. For example, pentaerythritol gives trihydroxymethylacetic 
acid in 50% yield in carefully controlled conditions (sodium hydrogen carbonate 
buffer, 35°C): 
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HO OH HO OH 


HO OH Op - Pt HO 


CO2H 


An example of the selectivity of this system as between primary and secondary 
alcohols occurs in a synthesis of ascorbic acid (p. 587). The reagent has the added 
advantage that double bonds are not attacked, but halides and amines are degraded. 


(b) Secondary alcohols 


Since ketones are only oxidized (with C—C bond-breakage) under vigorous 
conditions, the oxidation of secondary alcohols to ketones is not attended by the 
difficulty which applies to the oxidation of primary alcohols to aldehydes. Three 
methods are widely employed. 


(1) Chromic oxide. Large-scale oxidations of alcohols which can withstand 
vigorous conditions can be carried out with an inexpensive reagent such as sodium 
dichromate in hot aqueous acetic acid. However, milder conditions, at room 
temperature or below, are often necessary: either pyridinium chlorochromate in 
dichloromethane or chromium trioxide in a solution of sulfuric acid in aqueous 
acetone (Jones’ reagent) are used. For the latter, it is usual to add a solution of 
chromic oxide in aqueous sulfuric acid from a burette to a cooled solution of the 
secondary alcohol in acetone. Addition is stopped when a permanent yellow 
colour, indicating a slight excess of Cr(vi), is obtained. In this way, over-oxidation 
is prevented and yields of over 90% can be obtained. 

Alternative techniques are available. For example, the oxidant power is in- 
creased by using acetic acid as the solvent and milder conditions can be obtained 
by using chromium(vi) oxide in pyridine (see also primary alcohols). 

(2) Oppenauer method. The secondary alcohol and a ketone are equilibrated 
with the corresponding ketone and secondary alcohol by heating in the presence 
of aluminium t-butoxide. By using the added ketone, usually acetone, in large 
excess, the equilibrium is forced to the right. The reaction, which is the reverse of 
Meerwein—Ponndorf—Verley reduction (p. 654), involves the transfer of hydrogen 
within a cyclic complex: 


3R,CHOH + AKOBU, === (R2CHO)Al + 3BU'OH 


R oN aocHR ) 
(RoCHO),Al + Me ._-Me al 4 oe 

oe a: H\7 
fe) 


Oo sc 


Me 


| 


R_ UR Me. ~O.  -OCHR, 
+ Al 


| 
0 Me OCHR, 


OXIDATION 


Benzene or toluene is often added as a co-solvent to raise the temperature of the 
reaction, or alternatively cyclohexanone is used instead of acetone. 

The method is specific for alcohols and is therefore suitable, for example, for 
compounds containing C==C bonds or phenolic groups, e.g. 


OH Me fe) Me 
Me AXA — Me NEY NI 
80% 


One disadvantage of the method is that the aluminium compounds are basic 
and can bring about prototropic shifts within the product, e.g. the oxidation of 
cholesterol is accompanied by migration of the C=C bond to give the af- 
unsaturated ketone: 


HO 


70-80% 


Aldehydes are not satisfactorily prepared by Oppenauer oxidation because the 
basic medium induces reactions between the aldehyde and the ketone. 

(3) Catalytic dehydrogenation. Like primary alcohols, secondary alcohols are 
dehydrogenated when passed over certain heated catalysts. For example, acetone 
is obtained industrially by the dehydrogenation of isopropanol over copper or zinc 
oxide at about 350°C. (Acetone is also produced by the cumene hydroperoxide 
process, p. 446). 


(c) Allylic alcohols 


In addition to the methods described above, allylic alcohols are oxidized to af- 
unsaturated carbonyl compounds on the surface of manganese dioxide suspended 
in an inert solvent such as dichloromethane. The nature of the manganese 
dioxide affects the yields: it is best prepared as a non-stoichiometric compound by 
reducing permanganate ion with manganese(11) ion in alkaline solution. Yields are 
then high, e.g. 


H 
Mi H. 
Ph7 SoH = anne pro 
76% 


The method is suitable also for benzylic alcohols but not for primary and 
secondary alcohols which are oxidized only very slowly. 
The high potential quinones (p. 607) are suitable for the oxidation of allylic, 
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benzylic, and propargylic (—C==C—CH(OH)—) alcohols: reaction occurs 
through the relatively stable carbocations formed by the loss of hydride ion: 


Gi: - $6) 
R H nN R +R’ Ris iN R S35 
AX of Oo. = | ie il a 
R” OH OH OH 
Gh <i 
ae 
R 
RAN? a RN + HO OH 
ve , a’ 


(d) Benzylic alcohols 


Several specific processes have been developed. 


(1) Nitrogen dioxide (Field’s method). Primary and secondary benzyl alcohols 
react with dinitrogen tetroxide in chloroform at 0°C, e.g. 


CH,OH CHO 


Cl Cl 
r= o 


96% 


Reaction occurs through (the radical) nitrogen dioxide with the formation and 
decomposition of a hydroxynitro compound: 


¢€ NO, 
*NO2 N204 -~H 
ArCH20OH “HNO: ArCHOH Se 07 — ios 


Ar 


(2) Hexamethylenetetramine (Sommelet reaction). The halide from the benzyl 
alcohol is treated with hexamethylenetetramine (p. 307) and the resulting salt 
is hydrolyzed in the presence of more hexamethylenetetramine, usually with 
aqueous acetic acid, to the aldehyde, e.g. 


Br, 


CH,Br L 


O CeHy2Nq / CHCl 
Br 
Br Br 


70% 


(/ )y 
hee a CHO 
50% ACOH 


It is not necessary to isolate the intermediate salt. 


OXIDATION 


Electron-withdrawing substituents decrease the yield and ortho-substituents 
hinder the reaction, e.g. neither 2,4-dinitro- nor 2,6-dimethylbenzaldehyde can be 
prepared in this way. 

The reaction involves hydride-ion transfer. At the acidity employed, the quat- 
ernary benzyl salt is hydrolyzed to the benzylamine, ammonia, and formaldehyde. 
The benzylamine transfers hydride ion to methyleneimine (from formaldehyde 
and ammonia) giving an imine which is hydrolyzed to the aromatic aldehyde: 


N 
Br ( 
: —_ CH,O + 2NH3 + NH,Br 
Ar AN. ——N + 6H20 ArCH NH» + 6 9 3 4 
LN~/ 
te + 
Ar Cin Ar .NH2 
7 : be, ae +20,  arcHO + = NHg* 
H : + 


Char Nie MeNH2 


(3) Kréhnke reaction. A benzyl halide is converted into its pyridinium salt and 
thence, with p-nitrosodimethylaniline, into a nitrone. Acid hydrolysis gives the 
aromatic aldehyde. 


H 


O F 
ee Oo x A 1) eae not o Ar 
3 2S ae 
x ( 
on" “ar 
Ar’ 
One Arh tO, arcHO 


Reaction occurs under mild conditions so that it is suitable for the preparation 
of sensitive aldehydes. In addition, it is facilitated by electron-attracting sub- 
stituents, e.g. 2,4-dinitrobenzaldehyde can be prepared in this way (cf. the Som- 
melet reaction). 


(e) 1,2-diols 


1,2-Diols are cleaved by lead tetraacetate, phenyliodoso acetate, and periodic 
acid or sodium metaperiodate: 


HO R R R 
RI—ER =O + O=X 
R OH R R 
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The first two reagents are used in an organic medium, commonly glacial acetic 
acid, whereas periodate is used in aqueous solution. Phenyliodoso acetate is the 
least powerful and is not often employed, but all three are entirely specific: the 
aldehydes formed are not oxidized further. Yields are usually excellent, e.g. 
dibutyl tartrate and lead tetraacetate give butyl glyoxylate in up to 87% yield [4], 


OH 


CO,Bu Pb(OAc), 2 i ae 


O 


Bu0,C 
OH 


and 2,3-butane diol and sodium periodate give acetaldehyde quantitatively, 


OH 


NalOg 2 Me._H 
Me — 
m Y 


OH 


Reaction normally occurs by two-electron oxidation (Pb(1v) to Pb(it) and I(vir) 
to I(v)) within a cyclic intermediate: 


RR’ 
a’ at a6 
20H 1.0, 
a Po(OAC) 4 Be I Spo OAC _-PE(OAc)y ° 
ROH -2 ACOH RO “OAc L 
R' R’ ae 
R a 
Fr 
Reg Re_o 
Dee HslOg Bs (0H -H3lO4 5 
¢~OH hid R%-O | “OH 
ne & OOH ie 


so that cis-diols are oxidized faster than trans-diols, e.g. cis-cyclohexane-1 ,2-diol 
reacts about 25 times faster than its trans-isomer. However, an acyclic path is also 
followed, e.g. 


R__R’ 
Ri oO _OAc T 
© ha O + PR(OAc)p + © ACOH 
SrA OM 3 
RR 


In addition to diols, a-amino-alcohols, a-ketols, and a-dicarbonyl compounds 
are cleaved: 


HN  R 
RR ae fh a 


R' OH re) (e) 


OXIDATION 


R--—~< = a +  R°COH 

R ie) fe) 

Oo 

ay R' —_ RCO.H + R'CO2H 
re) 


The grouping —~CH(OH)—-CH(OH)—CH(OH)— is oxidized to a mixture of 
aldehydes and formic acid, 


OH OH OH 
HsIOg : 
R rcvcHo * CHO 
OH 
OH 


HslOg 


me eee RCHO + HCO H 

Periodate has proved a valuable degradative agent in carbohydrate chemistry, 
for it reacts nearly quantitatively. Since the grouping —-CH(OH)—CH,OH is 
oxidized to formaldehyde and the grouping —-CH(OQH)— CH(OH)-—CH(OH)— 
gives one equivalent of formic acid, the estimation of formaldehyde and formic 
acid provides information about the occurrence of these groups and the total 
periodate consumed indicates the total number of 1,2-diol groups present. 

An interesting example of the synthetic use of periodate, in the oxidation of the 
system —CO—CH(OH)—CH(OH)—,, occurs in the synthesis of reserpine 
(section 22.1). Other uses are in the Lemieux reagents (p. 595). 

Lead tetraacetate also effects the bisdecarboxylation of succinic acids: 


OQ AcO OAc 
R' V/ 


a 
7 R = Po~ 
pom Gis < O~ ~OAc 

Rw ~COH -ACOH R@ Oxy 

R' RS 

R__LR 

L + 2CO> + Pb(OAc)2 + AcOH 
R~ ~R' 


(f) Aldehydes 


Aldehydes can be oxidized to acids by vigorous reagents such as chromic(v1) acid 
and permanganate. This can be satisfactory for compounds which do not possess 
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sensitive groups, e.g. heptanal gives heptanoic acid in 76-78% yield with per- 
manganate in sulfuric acid at 20°C [2], 


KMnQOg - H2SO, I ~™ 
“S-™ CHO Pee. RAZ a ee COH 


In most cases, however, milder conditions are necessary. Three methods are 
available. 


(1) Jones’ reagent (p. 612). Reaction is rapid at room temperature. It is 
thought to occur via the 1,1-diol: 


HO H ea avs 9 
~— ws » = 
RCHO + 4H,0 oan : 05S 


—-. RCO2H + CrO(OH)2 


(2) Baeyer-Villiger oxidation. In the intermediate formed with a peroxyacid 
(cf. ketones, p. 445), hydrogen migrates in preference to alkyl and phenyl groups: 


° 
a eas 
RCHO + R'CO,0QH ——= i 9A CO, RCO 
OH 


These conditions are less strongly acidic than with Jones’ reagent. 

(3) Silver oxide. If acidic conditions have to be avoided, silver oxide is used. 
For example, thiophen-3-aldehyde gives the 3-carboxylic acid nearly quantitat- 
ively in 5 minutes at 0°C [4]: 


CO,H 


aun pees las 


Ss Ss 


In general, it is usually more convenient to synthesize acids by routes which 
do not involve the aldehyde, such as by the carbonation of organometallic 
compounds or from malonic ester. 

Those aldehydes which do not possess a-hydrogen atoms undergo the Canniz- 
zaro reaction with base (p. 654), e.g. benzaldehyde gives benzyl alcohol and 
benzoate ion. Finally, ortho and para hydroxybenzaldehydes undergo oxidative 
rearrangement with alkaline hydrogen peroxide (Dakin reaction, p. 447). 


(g) Ketones 


The C—CO bond in ketones can be oxidized in three ways. 


(1) By nitric acid or alkaline potassium permanganate. These powerful con- 


OXIDATION —-619 


ditions give carboxylic acids, reaction occurring through the enol (acid solution) 
or the enolate (basic solution), e.g. 


ie) Oo Oo 
uy OH” o MnO, ' -OH™ 
pR PE AUR moe at? a 
HO 
OH 
oO further fe) 
q reacti , . " 
ay teaction ay —- R-COH + HO,C-R 
OH fe) 


Attack can occur on both sides of the carbonyl group so that, unless the ketone 
is cyclic, a mixture of products is obtained. With cyclic ketones, however, reason- 
able yields can be achieved, e.g. cyclohexanol is oxidized by hot 50% nitric acid, 
via cyclohexanone, to give adipic acid in 60% yield [1]: 


OH ce) 


CO.H 
LHINOs HINO3 Ci 


(2) By the halogens in alkali. Methy! ketones are oxidized by chlorine, bro- 
mine, or iodine in alkaline solution to give acids and the corresponding haloform. 
Reaction occurs by base-catalyzed halogenation followed by elimination of the 
conjugate base of the haloform: 


ROH 3 By NaOH ROB, one RoBi 
oO fe) HO O7 


— RCOH + CBr, =— RCO; + HCBrs 


This provides a particularly useful method for the synthesis of aromatic acids, for 
the corresponding methyl ketones are often readily available through the Friedel— 
Crafts reaction (p. 365). For example, the acetylation of naphthalene in nitro- 
benzene solution gives 2-acetyInaphthalene (p. 368) from which 2-naphthoic acid 
can be obtained in 97% yield with chlorine in sodium hydroxide solution at 55°C: 


oO 


There are also applications in the aliphatic series. For example, pinacolone, 
available from acetone by reduction and rearrangement (p. 433), reacts with 
bromine in sodium hydroxide solution at below 10°C to give trimethylacetic acid 
in over 70% yield [1]: 
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ie) Oo 
Bra- OH” 
eo ek Maer on 
(3) By peroxyacids. Ketones undergo oxidative rearrangement with peroxy- 
acids to give esters or lactones, RCOR — RCO,R (Baeyer-Villiger reaction, 
p. 445). 


(hk) a-Ketols 


These systems are very readily oxidized to a-dicarbony! compounds. One-electron 
oxidants in basic solution are effective, for the enediolate formed by base can 
donate one electron to the oxidant to give a delocalized radical (cf. semiquinone 
radicals, p. 598). Loss of a second electron completes the oxidation. 


OH Oo oO 
ry A eA ot 
re) fe) Oo” 
Oo re) 
o O- 


For example, copper sulfate in pyridine at 95°C oxidizes benzoin to benzil in 
86% yield [1]: 


OH O 
CuSO, 
= AP <a AY Ph 
fe) O 


(i) a-Dicarbonyl compounds 


Oxidation can be brought about in three ways: peroxyacids in inert solvents give 
anhydrides, RCO—COR + RCO— O—COR (Baeyer-Villiger reaction, p. 445); 
and both warm hydrogen peroxide in acetic acid and the glycol-cleavage reagents 
give carboxylic acids, RCO—COR — 2RCO,H. 


(j) Acids: oxidative decarboxylation 


Carboxylic acids undergo oxidative decarboxylation when heated with lead tetra- 
acetate in the presence of a catalytic amount of a copper(i!) salt: 


RAR R 
H 
SS conH ERICA CI PAR + CO: + Pb(OAc)> + 2AcCOH 
RR {Cus ) 


R 


OXIDATION 


Reaction is thought to occur by homolysis of the lead carboxylate, followed by 
oxidation of the resulting radical by copper(1!), e.g. 


0 10] 
pkg POAC: —_—_— aa Ses + Pb(OACc), 
QO 


ares, Bes. Ges 


RON Cu RSS tO ut 


The copper(1) ton is then oxidized by lead(iv) to regenerate copper(it). 


19.4 
Systems 
containing 


(a) Primary amines nitrogen 


These are very sensitive to oxidation and generally darken on exposure to air, 
through autoxidation at the surface, to give mixtures of complex products. This is 
particularly true of aromatic amines: a number of products arise by oxidation to 
nitroso and nitro compounds followed by condensations, e.g. ArNH, > ArNO; 
ArNH, + ArNO — ArN==NATr. Repeated reactions give aniline blacks. 

Synthetically useful methods have therefore to be highly selective. The most 
successful reagents are hydrogen peroxide and peroxyacids. 


(1) Hydrogen peroxide converts primary aliphatic amines into aldoximes, e.g. 


H 


dn ~*~ NOH 


57% 


by nucleophilic displacement by the amine on the peroxide: 


a 
RAH, y-Orq-H HHO pe yeOH Heo ann 
G H -H20 OH 

H 


-H20 
~—— 


Oxidation of aromatic amines to the corresponding level (nitroso compounds) is 
generally brought about with peroxydisulfuric acid, HO3sS—-O—O—SO3H, e.g. 
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NH NO 


NO. NO, 
(NH4)2S20x / H2SO4 


75% 


Aromatic nitroso compounds can also be prepared from the corresponding 
hydroxylamines by oxidation with dichromate at low temperatures (to prevent 
further oxidation). For example, phenylhydroxylamine, sodium dichromate, and 
50% sulfuric acid at 0°C give nitrosobenzene in about 50% yield [3]: 


PhNHOH = —N220207/ 1280. bang 


Since arylhydroxylamines are readily obtained by the reduction of nitro com- 
pounds in neutral solution (p. 667), this method is convenient for introducing the 
nitroso group via nitration. 

(2) Trifluoroperoxyacetic acid, a more powerful oxidant than hydrogen per- 
oxide, converts primary amines directly into nitro-compounds. The yields with 
aromatic amines are generally high, e.g. o-nitroaniline is oxidized in refluxing 
dichloromethane to o-dinitrobenzene in 92% yield: 


NH, NO, 


NO, NO, 
CFgCO,0H 


With aliphatic amines, however, the yields are low. Other oxidants have been 
used with moderate success. For example, 1-hexylamine is oxidized in 33% yield 
to the nitro compound by peroxyacetic acid. 

Aromatic nitro-compounds can also be obtained by the oxidation of nitroso- 
compounds with dichromate or dilute nitric acid, but it is normally more con- 
venient to oxidize the amine. 


(b) Secondary amines 
Oxidation with hydrogen peroxide gives hydroxylamines (cf. primary amines): 


RoNH 202, R,N-OH + H,0 


(c) Tertiary amines 


Hydrogen peroxide converts tertiary amines into their N-oxide hydrates, by nu- 
cleophilic displacement analogous to the reaction of primary amines. The N-oxide 
is obtained by warming the hydrate in vacuo. 


OXIDATION 


H2O2 Na “ warm too 
R3N ee R,N-OH OH 0” R3N-O 


(d) Hydrazines 


Hydrazine itself is readily oxidized to nitrogen. Some at least of the oxidants, e.g. 
copper(it) ion, yield diimide, HN==NH, as an intermediate and this is employed 
for the reduction of alkenes (p. 634). 

Monosubstituted hydrazines react with one-electron oxidants such as copper(u) 
and iron(m) ion to give unstable azo compounds which decompose with loss of 
nitrogen to hydrocarbons, e.g. 

2+ 
PhNH-NH, =» [| PhN=NH| —-  PhH + No 

Arylhydrazines are oxidized by the two-electron oxidants chlorine and bromine 
giving diazonium salts, e.g. 

PhNHNH, + 2Ch —~= PhN* CI” + 3H! 


PhNHNH, + 3Br ——~  PhNS Bry” + 3HBr 


N,N’-Disubstituted hydrazines give azo-compounds readily. For example, 
azobisisobutyronitrile (a useful reagent for initiating free-radical reactions) can be 
obtained from acetone, hydrazine, and cyanide (compare the Strecker synthesis of 
a-amino acids, p. 329) followed by oxidation, e.g. with mercury(I!) oxide: 


CN 
2 Me2CO + NH2NH2 + 2 HCN —_—_ ~ n x 


HgO Me. JNs AN 


Diarylhydrazines oxidize with exceptional ease since a conjugated system is 
formed. For example, hydrazobenzene gives azobenzene even on standing in air 
for some time. 

Azo-compounds may be further oxidized to azoxy-compounds in more vigorous 
conditions, e.g. 


NPh 


Ph H202/ ACOH Phy 


2N he 
~N7 ~Ph " 
for 


azoxybenzene 
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(e) Hydrazones 


Hydrazones are oxidized to diazoalkanes by mercury(1) oxide. Those containing 
aryl-substituents give moderately stable (conjugated) products which can be iso- 
lated, e.g. benzophenone hydrazone gives diphenyldiazomethane nearly quan- 
titatively [3]: 


ae 
a a + HQ — Phoc=N=N + Hg + H,0 


Ph Ph 


Diazoalkanes containing only saturated groups decompose rapidly to nitrogen 
and products derived from carbenes (R2CN2 > R2C: + N2). Use is made of this 
in a synthetic procedure for alkynes: the bishydrazone of an a-diketone is oxidized 
with mercury(I) oxide and the unstable bisdiazo-compound decomposes to the 


alkyne: 
N 
NNH, Nt 
nave 2 NoHg aa HgO R 2N2 R= 
O NNH, N* 
i. 


For example, benzil bishydrazone gives diphenylacetylene in about 70% yield [4] 
and the bishydrazone from 1,2-cyclooctanedione gives cyclooctyne in 9% yield, 
the low yield doubtless resulting from the extreme ring strain in the product 
(which is the smallest cycloalkyne to have been made). 


NNH, 
HgO | 
NNH, 
The monohydrazones of a-diketones give ketenes in these conditions, e.g. 
the treatment of benzil monohydrazone with mercury(i) oxide gives a diazo- 


compound which rearranges on distillation, with loss of nitrogen, to diphenyl- 
ketene (58%) [3]: 


t tl 7 Ph 
2 
Ph Ten ee Pr en a Pr pn —- }c=0 
NNH, ig Ph 


NO diphenylketene 


OXIDATION — 625 


(a) Thiols 


Whereas hydroxyl-containing compounds are oxidized at carbon, thiol-containing 
compounds are oxidized at sulfur, largely because of the comparatively low bond 
energy of S—H compared with O—H (p. 46). 


(1) Oxidation to disulfides. A variety of relatively weak oxidants, such as 
hydrogen peroxide, iron(u!) ion, and iodine, oxidize thiols to disulfides, 
2RSH —%=  RS-SR 


For example, cysteine is readily oxidized to cystine, and the disulfide ring in 
thioctic acid is readily formed from the dithiol precursor (p. 255). 

(2) Oxidation to sulfenyl chlorides. Thiols are oxidized by chlorine, through 
disulfides, to sulfenyl chlorides, 


2RSH Re RLS. Be 2 RSC 


from which derivatives of sulfenic acids may be obtained, e.g. 
RSCI + R'OH — RS-OR' 
a sulfenic ester 
RSC| + NH — RS-NH, 
a sulfenamide 
(3) Oxidation to sulfonic acids. Vigorous reagents such as nitric acid and 


permanganate give sulfonic acids, probably through sulfenic and sulfinic acids, 
which are too easily oxidized to be isolated: 


RSH -— | RS-OH 


Sulfonic acids are also formed by the treatment of lead thiolates with nitric 
acid: 


2RSH PO(NOs)e Po(SR), N92.  2RS0,0H 


(b) Sulfides 


Sulfides can be oxidized to both sulfoxides and sulfones. The former are obtained 
in high yield (c. 90%) with liquid dinitrogen tetroxide in ethanol cooled with solid 
carbon dioxide. Further oxidation to the sulfone does not occur, and the product 
is anhydrous (wet sulfoxides are very difficult to dry). 


19.5 
Systems 
containing 
sulfur 
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19.6 
Systems 
containing 
phosphorus 


19.7 
Systems 
containing 
iodine 


“ 
RR et aS 
The oxidation can also be carried out with a slight excess of sodium meta- 
periodate at 0°C and with hydrogen peroxide but these methods cause some 
further oxidation to the sulfone (see below). 

Very sensitive sulfides require more delicate treatment. For example, manga- 
nese dioxide is the only reagent which oxidizes diallyl sulfide to diallyl sulfoxide 
in reasonable yield. 

Sulfones are normally obtained from sulfides by oxidation with hydrogen per- 
oxide in aqueous or acetic acid solution: 


2S 21202 , Sy 


R° -R' R 


The characteristics of phosphorus chemistry compared with that of nitrogen are 
that three-valent phosphorus is readily oxidized to the five-valent state and that 
P—O bonds are more stable than N—O bonds. Oxidations at phosphorus occur 
under mild conditions, e.g. 


RgP a R3P=O 
fe) fe) 
P H20 P 
RaT™N — ey yo 
7H 7 OH 


The iodine atom in aryl iodides can be oxidized to both the three- and the five- 
valent states. For example, iodobenzene reacts with chlorine in dry chloroform to 
give dichloroiodobenzene in about 90% yield [3]; this may be hydrolyzed to 
iodosylbenzene in about 60% yield [3] and iodylbenzene may be obtained in 
over 90% yield by steam-distilling iodosobenzene to remove the iodobenzene 
formed by disproportionation. 


Phl + Clo — PhIClp 
dichioroiodobenzene 


OXIDATION 
PhiClh + 2NaOQH —= PhHIO + 2NaCl + HO 
iodosylbenzene 
2 PIO Steam distil PhIO2 
-Phi 
iodytbenzene 

The aliphatic analogues of these higher-valent iodine compounds are unstable. 
1. How would you carry out the following transformations? Problems 


(i) R—CH=CH, into (a) R—CHO, (6) R—CH,OH, 

(c) R—CH,—CHO, (d) R—-CH(OH)— CHO, 

(e) R—CH(OH)—CHs3. 

R—CH+CH--CH,0H into (a) R—CH(OH)—CH(OH)— 
CH,OH, (b) R—CH==CH—-CHO. 

R—CH,—CO—CH,; into (a) R—-CH,—CO— CHO, (b) R— 
CO—CO— CH. 

PhCHO into (a) PhCH(OH)—COPh, (b) PhCO—COPh. 

(v) PhCO-—COPh into (a) Ph,>C==C=O, (b) PhC==CPh. 

PhCH,Br into PhCHO. 

PhCOCH,Br into PhCcOCHO. 

PhNH, into (a) p-benzoquinone, (b) azoxybenzene, (c) o0- 
dinitrobenzene. 

PhOH into (a) o-benzoquinone, (b) chloranil (tetrachloro-p- 
benzoquinone). 

(x) PhSH into (a2) PhS—SPh, (5) PhSCI, (c) PhSO,OH. 


(xi) trans-2-Butene into (a) (+)-2,3-butanediol, (6) meso-2,3-butanediol. 
(xii) Me Me 
Fe ot a od me 
OH 
OH Me OH Me 
Be) 
(b) (c) OH 
(xiii) | oJ | 
into and 
CO,Me CO,Me re) CO2Me 
(xiv) COMe OH 
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(xv) OH OMe 
PhS into Ph A_0Me and Ph A_OH 


2. Summarize the reagents which may be used to oxidize the methyl group in a 
compound X—CH,; according to the nature of the group X (i.e. X = acetyl, 
phenyl, etc.). 


3. A methylated derivative of D-glucose is thought to have the structure (I). 
How could an oxidative method be used to provide evidence that the ring is 
six-membered? 


nd? 
HO: 


OMe 
OH 


(I) 


4. Rationalize the following reactions: 


(i) ee “KeFelOhs_ “TOR 
wep 0, ef 


5. Griseofulvin (a fungal metabolite which is an important antibiotic) has been 
made by the following sequence: 


MeO ce) OMe 
Ss iS oxidation 
OH Me OH 
Cl 


OOMe 


_feduction on i 


MeO 


(ii) 


MeO OOMe 


ee 


MeO MeO 


How would you attempt to effect the oxidative step? 


Reduction 


The reductive processes described in this chapter fall into three categories: the 
removal of oxygen, the addition of hydrogen, and the gain of electrons. The 
addition of hydrogen may be subdivided into hydrogenation, the addition of 
hydrogen to an unsaturated system, e.g. 


CHy>=CHy + Ho 28S CH,-CH, 
and hydrogenolysis, the addition of hydrogen with concomitant bond rupture, e.g. 
ArCHy—NMe, + Ho ast. ar—CH, + ~—-HNMe, 
Mechanistically, there are thrce main pathways for reduction: 


(1) By the addition of electrons, followed either by the uptake of protons, as in 
the reduction of an alkyne by sodium in liquid ammonia (p. 639), 


R—==—A fe frcqcr|? MR [Ac =cHR| 
; ; " R oH 
=+  [RG=cHR| = ee Pad 


or by coupling, as in the reduction of ketones to pinacols (p. 656), 


* 


R oR R OR 
ae imeri 2H 
Rc=0 f= Rc-o Smee RR ASS RR 
saa 8 OH OH 


(2) By the transfer of hydride ion, as in the reduction of the carbonyl group by 
lithium aluminium hydride (p. 652): 


5 aw~ ™ ‘ x 
H,AISH “=O —= —- H-)—-OAIH 
R R 


Such transference may also occur intramolecularly, as in Meerwein~—Ponndorf- 
Verley reduction (p. 654). 

(3) By the catalyzed addition of molecular hydrogen, as in the reduction of 
alkenes on metals (p. 631). 
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20.2 
Hydrocarbons 


Subsidiary reactions, such as the breaking of C—-C bonds, are relatively 
uncommon in reductive processes, but some are usefully applied. For example, 
pimelic acid (heptanedioic acid) may be obtained in 45% yield from salicylic acid 
by refluxing for 8 hours with sodium in isoamyl alcohol (3-methyl-1-butanol) [2]; 
reaction occurs through a B-keto-acid which undergoes a reverse Claisen reaction 


OH 
+4e, + 4H* on 2 COH 
H20 ar rans 
COjH COH COH COpH 


There have been enormous developments in reductive methods since the 1950s, 
with respect both to the types of bond which may be reduced and to the selectivity 
of the processes. The older methods involving electron-transfer, such as sodium 
and alcohol, and zinc and acetic acid (in which the metal atts as the electron- 
source and the hydroxylic-compound as the proton-donor), are now supple- 
mented by the metal-ammonia and metal-amine systems which have increased the 
scope of these reductions. Hydride-transfer agents such as formic acid (Leuckart 
reduction, p. 670) are supplemented by the complex hydrides some of which are 
of remarkable selectivity. Catalytic methods have been improved by procedures 
for obtaining more active catalysts. 

Enzymic systems are as yet of little general importance but are likely to achieve 
wider use as methods for isolating enzymes are developed. Their particular merit 
is that many (being themselves optically active) are enantioselective so that 
optically active compounds can be obtained from inactive reactants. For example, 
hydroxyacetone is reduced specifically to (R)-propylene glycol (50%) by incu- 
bation with yeast reductase at 32°C for 3 days [2]: 


O 
A OH Saarne DOW 


This chapter, like that on oxidation, is classified according to the type of group 
to be reduced. Each major class of reducing agent is described in the context of 
the system for which it has been most used. 


(a) Alkanes 


Alkanes can be reduced only by rupturing carbon-carbon bonds. Reducing agents 
are not normally sufficiently powerful to bring this about, in contrast to oxidizing 
agents of which the strongest cleave aliphatic chains ultimately to carbon dioxide. 
There is, however, one circumstance in which reduction can be effected catalyti- 
cally, namely, with strained cyclic compounds, since C—C cleavage relieves the 
strain, e.g. 


REDUCTION 


Oo st ~ 
200 °C 


The nature of the catalyst for the reduction is described in the following section. 


(6b) Alkenes 


(i) Catalytic hydrogenation. Almost all alkenes can be saturated in very high 
yield by treatment with hydrogen and a metal catalyst. The most active catalysts 
are specially prepared platinum and palladium. 


1. Palladium. An active form of palladium can be obtained from palladium 
chloride in a similar way to that used for the Adam’s catalyst, but more commonly 
the palladium chloride is reduced in the presence of a suspension of charcoal or 
other solid support on which the metal is deposited in a very finely divided state. 


2. Adams’ catalyst. Chloroplatinic acid is fused with sodium nitrate to give a 
brown platinum oxide (PtO2) which can be stored. When required, it is treated 
with hydrogen to give a very finely divided black suspension of the metal. This is 
the reagent usually chosen in the laboratory, reaction being carried out in solvents 
such as acetic acid, ethyl acetate, and ethanol. About 0-2 of platinum oxide is 
usually employed per 10g of reactant. 


A particularly reactive catalyst is obtained by the reduction of platinum oxide 
in situ with sodium borohydride in the presence of carbon. The molecular hydro- 
gen required for hydrogenation is then generated by the addition of acid to the 
excess of borohydride. 

Most C==C bonds are reduced on these catalysts at temperatures below 
100°C and at atmospheric or slightly increased pressure. For example, maleic 
acid gives succinic acid in 98% yield in 30 minutes on platinum at 20°C and | 
atmosphere [1], 

( 


and this particular reaction is often used for testing the apparatus and assessing 
the catalyst. 


CO.H 
Hy- Pt CO,H 
ada HO,C~ ~~ 


COH 


3. Raney nickel. This is a slightly less active catalyst than platinum or pal- 
ladium. It is prepared by treating a nickel-aluminium alloy with sodium hydroxide, 


Ni-Al + NaOH + HO — = Ni + Na AI0> + 3/2Hp 
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and washing away the sodium aluminate to leave the nickel as a black suspension 
saturated with hydrogen (c. 50-100cm?* per g) which is pyrophoric when dry. 
Most alkenes are hydrogenated over Raney nickel at about 100°C and pressures 
up to 3 atmospheres. Since the Raney alloy is fairly cheap, it is usually convenient 
to employ relatively large quantities of the catalyst (c. 2g per 10g) so as to 
minimize the effects of catalyst-poisons. This is particularly important with sulfur- 
containing compounds (p. 672). 


4. ‘Copper chromite’. The early catalytic methods developed by Sabatier 
and Senderens employed metals such as iron, cobalt, nickel, and copper at 
temperatures of about 300°C. This approach has been considerably improved by 
the use of high pressures (up to 300 atmospheres of hydrogen) and more active 
catalysts. The best, Adkins’ catalyst, the so-called copper chromite, is made from 
copper nitrate and sodium dichromate and corresponds to CuO-CuCr2O,. This is 
a far cheaper catalyst than palladium or platinum and is therefore more attractive 
industrially. 


5. Transfer hydrogenation. The hydrogen is supplied by a donor such as 
cyclohexene or hydrazine, e.g. 


R R H H 
a + O sae a aes a + CO 


The driving force in the case of cyclohexene is the gain in aromatic stabilization 
energy when benzene is formed; with hydrazine, the strongly bonded N, molecule 
is formed. The advantage of this method is that no special apparatus for handling 
and measuring gaseous hydrogen is required. 


Selectivity. The C==C bond is reduced more readily than C=C but other 
unsaturated groupings, with the exception of nitro groups and acid chlorides, are 
reduced less readily. Catalytic hydrogenation can therefore be used for the 
selective reduction of C==C in the presence of aromatic rings and carbonyl 
groups, whether or not the unsaturated functions are conjugated. For example, 
benzylideneacetophenone is reduced over platinum at 20°C in 90% yield [1]: 


oO O° 


prt Ph fe Pt ees Ph 


Stereochemistry. Reduction is highly stereoselective, giving predominantly cis- 
alkene,* e.g. 


* With palladium, however, the trans-product predominates. This is because Pd catalyzes the iso- 
merization of the alkene: 


Hy 

e E 

o- a= cf 
Me =*H 


Me 
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This can be understood in terms of the following simplified representation: 


R R 
HH P ia 
Hg + VITTVITIVTITIT —_— rhorhkeererrrr 


catalyst surface 


R R 


\a( RR 

an : ee 
HH} HH a H oH 
| ere 


In rigid ring systems, the direction of addition is from the less hindered side. For 
example, octalins of the type shown below (e.g. cholesterol; X==OH) give 
mainly trans ring-junctions on reduction, since the angular methyl group hinders 
the fit of the catalyst on the opposite side of the double bond: 


Me Me 
— = 
X x 
ae H e 


(80% yield for 
cholesterol (X = OH) [2}) 


On the other hand, when the substituent X is axial, the fit to the catalyst is 
hindered on both sides and reduction gives a mixture of cis and ¢rans decalins in 
comparable amounts. 


6. Homogeneous catalytic hydrogenation. The use of complexes of rhodium 
or ruthenium as catalysts enables hydrogenation to be carried out in homogene- 
ous solution. 

The rhodium reagent is Wilkinson’s catalyst, (Ph3P);RhCl (p. 575). Alkenes 
and alkynes are reduced at room temperature and atmospheric pressure, usually 
in benzene solution. The mechanism, illustrated for ethylene (L = PPhs), is: 


eo Lorch = He LaRh(H),c! = -Cat 
H H 
L..,, | wv | 
Rh = ban SCHeet —-  LRhCl + CH3-CH, 


i” | YH 
Cl Cl 
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The method has several advantages. First, only alkenes and alkynes are reduced; 
other common groups such as C==O, C==N, and NO) are unaffected. This 
makes possible selective reductions such as 


Ph SZ N 10> He - (PhgP)gRhCt Ph io NO, 


Second, mono- and disubstituted alkenes are reduced much more rapidly than 
tri- or tetrasubstituted ones. This provides a further degree of selectivity, illus- 
trated by the reduction of carvone to dihydrocarvone — leaving the trisubstituted 
double bond intact — in over 90% yield [6]: 


(e) e) 
He - (PhgP)gRhCI 
Ss 


Third, hydrogenolysis does not occur. For example, benzyl cinnamate gives the 
dihydro derivative, 


Ph yoy Ph = _He- (PhgP)gRhCt Ph yo Ph 
Oo oO 


whereas hydrogenation on a metal catalyst results also in cleavage of the O-benzyl 
bond to give PhCH2CH,CO H (cf. p. 643). 

The major disadvantage of the method is that, because of the strong affinity 
of the rhodium complex for carbon monoxide, aldehydes are degraded, for 
example, PhCH==CHCHO — PhCH==CH). The ruthenium complex used is 
(Ph3P)3RuClH, which is formed in situ from (Ph3P)3RuCl and molecular hydro- 
gen in the presence of a base such as triethylamine. It is specific for the hydro- 
genation of monosubstituted alkenes and disubstituted acetylenes, which yield cis- 
alkenes. 


(ii) The diimide method. Diimide is an unstable compound which is usually 
made by the copper(i)-catalyzed oxidation of hydrazine with air or hydrogen 
peroxide. In the absence of a species which traps it, it decomposes to nitrogen and 
hydrogen but when it is generated in the presence of an alkene and a small 
quantity of acetic acid, rapid syn-stereospecific reduction occurs, the driving force 
being the great stability of the nitrogen molecule compared with the —N==-N— 
system. The role of the acetic acid is almost certainly to catalyze the formation of 
the cis-isomer of diimide from the more stable trans-isomer, the former then 
reacting with the alkene via a cyclic transition state: 


H)N—NH, ae “a HN=NH 
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Hoya, AcOH He eNA, =— n7Nsu 
( l 
H H 
N=N N==N 
47, 
0 — H oH 
c=C 


Alkynes and azo-compounds are also reduced, but carbonyl-containing groups, 
nitro groups, sulfoxides, and S—S bonds are not affected. 


(iii) Hydroboration. The organoboranes formed by alkenes with diborane or 
other boronating agents (p. 483) are solvolyzed by organic acids (but not by 
mineral acids) to alkanes: 
R3B + 3 R'CO2H —— 3 RH + (R'CO>)3B 
It is thought that reaction occurs as follows: 
R' 
OFX / 
H~ (oO —~ RH + — RICO.BO 


—_ 
R—By 


In the case of dienes, it is possible to reduce selectively the less substituted 
alkene by using a hindered borane such as that from trimethylethylene, Sia,BH 
(cf. p. 485), e.g. 


1) SiagBH 
2) ACOH 


Aldehydes, ketones, acids, esters, nitriles, and epoxides are also reduced. 


(c) Conjugated alkenes 


(i) Electron transfer. In addition to being reducible by catalytic methods, con- 
jugated dienes and polyenes, and compounds containing C==C bonds conjugated 
with carbonyl-containing groups, are reducible with electron-transfer agents. The 
reason is that the uptake of electrons by these systems gives delocalized inter- 
mediates whereas the addition of electrons to alkenes does not: 


Ae 2S RONZR aie 


ANF cee AN He ANP 


635 


636 


PRINCIPLES OF ORGANIC SYNTHESIS 


R“~Z~o- oe ee se amo 


The common reducing agents in this category are sodium and an alcohol, 
sodium amalgam, zinc and acetic acid, and the metal-ammonia and metal-amine 
systems. The last two groups are discussed more fully below. 

The reduction of a conjugated diene occurs by 1,4-addition, e.g. 


pPh7Se—rs -2Na-2EIOH Ph7\a™ 


A C=C bond conjugated with an aromatic ring is also reduced, for the aromatic 
m-system is available to delocalize the charge on the anion, but the 1,2-adduct is 
formed since formation of the 1,4-adduct would be accompanied by the loss of 
aromatic stabilization energy. For example, stilbene is reduced to bibenzyl, 


F 
pram Ph oes phon Ph 


The reduction of an aB-unsaturated carbonyl compound gives an enolate ion as 
the intermediate. Although this is protonated more rapidly on oxygen than 
carbon, the enol rapidly tautomerizes to the more stable carbonyl compound, e.g. 


PMN 2n- AcOH Ph ae 
1@) 


: 


Pay 

SS 
OH re) 

When only one equivalent of the proton-donor is used, the enolate remains as 


such and can be used for generating new C—C bonds, e.g. 


Oo Oo 
OL Li- NH3- H,0 (1 equiv.) er aw eas 


Metal—ammonia and metal—amine solutions. Strongly electropositive metals 
dissolve in liquid ammonia and in some amines to give characteristic blue sol- 
utions which contain metal cations and solvated electrons. Reduction to give 
amide ions is slow, but can be accelerated by the addition of catalytic amounts of 


transition-metal ions, e.g. 


ee Nat & @ ~ (solvated) 


Fe®* 
Na fe. Nat + NHo + 1/2H, 


REDUCTION 


The use of sodamide in liquid ammonia as a powerful catalyst for condensations 
has already been described (p. 242). The solution before amide formation acts as a 
powerful source of electrons for the reduction of organic compounds. A proton 
source is usually added to complete the reaction, for ammonia itself is a very 
weak proton donor. The donor should not be a strong enough acid to liberate 
hydrogen rapidly with sodium; ethanol is commonly used, for it reacts with 
sodium only very slowly at the boiling point of liquid ammonia. The reducing 
power of the system increases with the strength of the proton donor: the stronger 
this is, the more rapidly is the initial equilibrium displaced to the right: 


Ro o+ e@ s== Re SH RH + XT 


As the affinity of R for electrons is reduced, increasingly powerful proton 
donors are needed to effect reduction. 

The use of ammonia is limited by the low solubility in it of most organic 
compounds at its boiling-point (—33°C). Co-solvents such as ethers can be added, 
but they depress the solubility of the metals: high mutual solubility is rare. 
Primary amines such as ethylamine are more powerful solvents and lithium is the 
most soluble of the alkali metals in such solvents. Since the reducing power of the 
system increases with the concentration of the metal, lithium and ethylamine 
provide about the most vigorous available conditions. 

In general, these systems are of less value for the reduction of C==C bonds 
than in the aromatic series (p. 641) partly because so many effective alternatives 
are available for the former and partly because the conditions are often too 
vigorous. However, yields in simple cases are high, e.g. 


pe: cee hey ey 


98% 


and in certain situations these methods succeed where catalytic methods fail. For 
example, the Cg——Cy and especially the Cg—C,,4 double bonds in steroid systems 
are almost impossible to reduce catalytically but are reduced efficiently with 
sodium in liquid ammonia, e.g. 


The main product is usually the thermodynamically most stable stereoisomer, as 
in the above example. The first protonation, at C-8, preferentially occurs from 
above the molecular plane, giving an axial C—H bond and therefore equatorial 
C—C bonds and protonation of the ensuing enolate gives the more stable trans 
adduct. 
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(ii) Hydride-transfer. Compounds in which C=C is conjugated to substituents 
of —M type are susceptible to nucleophiles (p. 91), so that reductions of the type, 


A H H 
HANS ArnG —- WOO Se Ne 
might be expected with af-unsaturated carbonyl compounds. When the -M 


group is —-CHO, this does not normally occur to a significant extent and re- 
duction of the carbonyl occurs instead, e.g. 


1) NaBH 
ea oo AS on 


85% 


When conjugation is to a keto group (which is less reactive than —CHO to 
nucleophiles), mixtures of carbonyl-reduced and fully reduced products are 
formed, e.g. 


9) H OH 
1) NaBH NaBH, 
Py 
59% 41% 


Lithium aluminium hydride has a relatively stronger tendency for reaction at the 
carbonyl group: in the above case, it gives 94% of 2-cyclohexenol and only 2% of 
cyclohexanol. 

However, if the —M substituent is not itself reducible by the hydride, selective 
reduction of the C=C bond can be effected. For example, reduction of an af- 
unsaturated nitro-compound by sodium borohydride, 

"SAN, ga BN No, 
was employed in the synthesis of chlorophyll (section 22.4). The more power- 
ful hydride-donor lithium aluminium hydride reduces both the C=C bond 
and the nitro group in this situation and the sequence, ArCH==CHNO, —> 
ArCH,CH,NH)2, is employed in the building up of isoquinoline rings from aro- 
matic aldehydes (p. 706). 


(d) Alkynes 


(i) Catalytic reduction. The C==C bond can be fully reduced on the catalysts 
used for the reduction of alkenes, but this is seldom needed in synthesis. It is 
much more useful to exploit the fact that the catalytic reduction of C==C 
to C=C is faster than the reduction of C=C to C—C. However, it is not 
satisfactory simply to use the conventional catalysts and to inject the amount of 
hydrogen needed for reduction to the alkene level, since this gives mixtures of 


REDUCTION 


partially and fully reduced compounds. The technique is to deactivate (‘poison’) 
the catalyst so that reduction of C==C to C—C is inhibited, and this is usually 
done by using Lindlar’s catalyst, in which palladium is deposited on a calcium 
carbonate support to which lead acetate and a small quantity of quinoline are 
added as the ‘poison’. The reduction product is the cis-alkene. 


(ii) Hydroboration. The hydroboration of alkynes is carried out in the same 
way as that of alkenes. With terminal alkynes, dihydroboration occurs to some 
extent, 


so that, on hydrolysis, complete reduction occurs. To prevent this, it is best to 
use the hindered and more selective disiamyl borane (p. 485) which allows 
quantitative monohydroboration of both mono- and disubstituted acetylenes, e.g. 


H 
Et—sa—er SH Er Baie 
et 


The products can be hydrolyzed with acetic acid at room temperature to give 
specifically cis-alkenes. 


(iii) Electron transfer. Electrons are transferred to alkynes more readily than 
to alkenes (cf. the greater reactivity of alkynes towards nucleophiles). The best 
reagents are the metal—amine and metal-ammonia systems; no added proton 
donor is needed. Reaction is thought to occur by alternating electron and proton 
transfers: 


l 


R 
A—==—R ~~  Ré=CR Bt aay we Sg 
——— -_ “NHS Cg —" 


2 H R oH 
A R 
i@ 7 NHg — 
R oH “NHE H 


The formation of the trans-product is thought to be dictated by the occurrence of 
a rapid equilibrium between the cis and trans vinyl radicals in which the latter, 
being the less congested, predominates; the trans anion is thereby formed the 
faster. This method is therefore complementary to the catalytic methods. For 
example, trans-cyclononene can be obtained from cycilononyne: 
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) 2 2 


71% 


(iv) Hydride-transfer. Diisobutyl aluminium hydride (p. 659) reduces alkynes 
to alkenes, but lithium aluminium hydride is effective only when the alkyne has a 
hydroxyl group in the a-position: the hydroxyl group facilitates reaction through 
the formation of a complex with aluminium, and the product is the trans-alkene. 


OH 
RSE R' pa Fs ak: ea 
R' R' R' 


(e) Aromatic rings 


(i) Catalytic hydrogenation. Aromatic rings can be reduced on the catalysts 
suitable for alkenes but more vigorous conditions are required because aromatic 
stabilization energy is lost in the process. The conditions vary according to the 
amount of stabilization energy which is sacrificed, e.g. naphthalene is reduced 
to tetralin more easily than benzene is reduced to cyclohexane (cf. p. 38). 
Typical conditions on Adams’ catalyst are 10 hours at 100-150°C and 100-150 
atmospheres (i.e. in a steel bomb), compared with 1 hour at 20°C and atmos- 
pheric pressure for the reduction of simple alkenes. 

If there is a danger of the catalyst becoming poisoned, Raney nickel is normally 
selected because it is cheaper than palladium or platinum and can be used in 
excess. This is particularly important with sulfur-containing molecules but it must 
be remembered that sulfur is removed from the system during reduction (p. 672). 
Pyridine also poisons catalysts, but its hydrochloride can be reduced efficiently 
over platinum in ethanol. 

Reduction in mild conditions gives mainly the cis product, but if the trans 
product is the more stable it can be formed in vigorous conditions:* e.g. the 
reduction of naphthalene in solution over platinum gives mainly cis-decalin 
whereas over copper chromite in the gas phase trans-decalin predominates. 

Those aromatic compounds which are in equilibrium with significant pro- 
portions of aliphatic tautomers can be reduced in conditions appropriate to 
alkenes. For example, m-dihydroxybenzene is reduced, via its diketo-tautomer 
(p. 13), at 50°C and 80 atmospheres over Raney nickel: 


*This is an example of thermodynamic control (p. 68). In vigorous conditions, equilibrium is 
established with the cis product while the slower trans reduction gradually removes the reactant to give 
the more stable product. 
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OH Oo oO 
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OH (@) (e) 


(ii) Electron transfer. Whereas catalytic methods normally fully reduce aro- 
matic rings, electron-transfer reagents can be highly selective. 
Reaction occurs by successive electron and proton transfers, e.g. 


HH 


5+o 48 


HH 


Sodium in liquid ammonia is commonly used as the reducing agent. Ammonia 
can act as the source of protons, but when an electron-releasing substituent such 
as alkyl, OMe, or NMe; is present, the first equilibrium lies well to the left and, 
because ammonia is a weak proton-transfer agent, reaction is very slow. It is 
therefore usual to include an alcohol to trap the anion radical rapidly. 

The structure of the product is determined by the site of the first protonation: 
the anion that is then formed reacts at the central carbon of the delocalized 
system to complete the 1,4-addition. Electron-releasing substituents direct the 
first protonation to the ortho position, e.g. 


OMe OMe OMe 
H H 
Na - NH3 = H pees . H 
O EtOH de 
H 


Acid-catalyzed hydrolysis (pH 2-3) of the product (an enol ether) gives an 
unsaturated ketone which, in slightly more acidic conditions (pH 1), tautomerizes 
to the conjugated isomer: 


OMe re) O 
H,0* H,0” 
(pH 2-3) (pH 1) 


In contrast, the —-CO 7 substituent directs protonation to the para position, e.g. 
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CO; 


HH 


95% [5] 


With naphthalene, a variety of products can be obtained, depending on the 
conditions: 


Na - EtOH or Na- 


3 
. 


A?-dialin A'-dialin 


Na - CsH,,;OH ce 


tetralin 


isotetralin 


Li - EtNH2 
(4) 


A*-octalin 68% Al-octalin§ 1% 


(1) The mildest conditions give a dihydro compound: 


HH 
ma 
HH 


The product is isomerized with base to the more stable (conjugated) A'-dialin, via 
a delocalized anion, 


H H H 


= 100 - O01,|- O01, 


HH HH H H HH 


REDUCTION = 643 


(2) Further reduction occurs in the higher-boiling 1-pentanol probably through 
formation of A?-dialin, isomerization as in (1), and reduction of the conjugated 
A'-dialin. 

(3) The use of liquid ammonia with an added proton-donor enables both 
benzenoid rings to be reduced in the 1,4-manner. 

(4) Lithium in ethylamine provides the most vigorous conditions (p. 637): 
initial reduction as in (3) is followed by isomerization and further reduction. 


The reductions of !-naphthol and ethyl 2-naphthyl ether provide an interesting 
contrast. The former is reduced by lithium in liquid ammonia containing ethanol 
in the unsubstituted ring in 98% yield [4], 


OH OH 


Li- NHg - EtOH CO 


whereas the latter is reduced by sodium and ethanol in the substituted ring to give 
2-tetralone in 45% yield after hydrolysis [4]: 


OEt OEt ie) 
= OO" = OF 


The difference is consistent with the mechanism described for the reduction of 
anisole. With {-naphthol, protonation of the anion-radical at the 2-position and 
subsequent protonation at the 5-position would result in the complete loss of the 
aromatic stabilization energy and is less favourable than 1,4-addition in the 
unsubstituted ring. In contrast, protonation of the anion-radical from ethyl 2- 
naphthyl ether at the 1-position and subsequent protonation at the 4-position 
leaves a benzenoid system. 


(a) Benzylic systems 


The benzylic group, when attached to OH, OR, OCOR, NRz3, SR, or halogen, is 
particularly susceptible to nucleophilic reducing agents, catalytic reduction, and 
electron-transfer reagents. 

Catalytic reduction is widely employed, as in the following examples: 


OH 
Ph~ ~COH ee Ph ~CO,H 
90% 
° bees 
shor Be 740°C, 1am” PhMe + PhCOosH 


94% 


20.3 
Hydrogenolysis 
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Ph~ ~N* ~Ph He: Pd 2PhMe +  PhHNH, 
Ph 25°C, 1 atm 
(quantitative) 


Electron-transfer reduction is probably facilitated by the ability of the ben- 
zenoid ring to delocalize the charge of an anion, i.e. 


On # [Ow ~ Om - «| 
= Qu 


The following are examples: 


H 
PhO No, MMe phe + C02 + HN co. 
o B-alanine 
95% 
NH, NH» 
Na-NH3 
ens con PhMe + W300 
cysteine 


78% 


Me Me 


Me + o Me Me 
NMeg! NaH + NMe, 


The first example illustrates the use of the benzyl group as part of a protecting 
agent in amino acid chemistry: the benzyloxycarbonyl group is used to protect 
the amino group in peptide synthesis and is afterwards removed as above or 
catalytically (p. 330). The second example represents a standard procedure for the 
protection of thiol groups: the catalytic method is unsuitable for the removal of 
the benzyl residue because sulfur is present. The final example illustrates a 
synthetic method for introducing methyl groups ortho to existing methyl groups in 
aromatic rings: the reactant is obtained from o-xylene via the Stevens rearrange- 
ment (p. 447) and is converted into 1,2,3-trimethylbenzene by sodium amalgam at 
80°C in 87% yield [4]. 

Diphenylmethyl systems are more easily hydrogenolyzed than benzyl systems. 
For example, benzilic acid is reduced in 95% yield to diphenylacetic acid by 
treatment with red phosphorus and iodine in refluxing acetic acid [1]: 


REDUCTION 


en OH Ph 
red P- lp 
Se qosae en SoH 


Triphenylmethyl (trityl) systems are still more easily reduced. Advantage is 
taken of this, together with the selectivity of triphenylmethyl chloride for primary 
alcoholic groups as compared with secondary and tertiary, in protecting primary 
alcohols (e.g. in the synthesis of adenosine triphosphate, section 22.2): 


H2- Pd 


Ph,c-Cl + HOCH,;R —*  PhgCOCH,R Ph,CH + HOCH,R 


Triphenylmethyl systems readily form the trityl cation and this is particularly 
susceptible to reduction by hydride-transfer agents. For example, triphenylmeth- 
ane can be obtained in 70-80% yield by Friedel-Crafts reaction between benzene 
and carbon tetrachloride in the presence of aluminium trichloride (p. 361) fol- 
lowed by the addition of diethyl ether [1]: 


AlCl, 


AICI3 
-3 HCl 


3PhH + CCl PhgC-Cl  —oBe PhgC* 


a . 
Ph3c* se, —» PhCH (+ og, + EC! + MeCHO) 
+ 


(b) Allylic systems 


Allylic systems behave in most reactions analogously to benzylic systems. How- 
ever, whereas the latter are normally reduced by hydrogenolysis rather than 
by hydrogenation of the aromatic ring, the former more readily undergo hydro- 
genation with those reducing agents which react with the C==C bond, so that 
catalytic reduction is in general unsuitable for the hydrogenolysis of allylic systems. 

Fortunately, lithium aluminium hydride and sodium in an amine are suitable 
reagents since neither reacts with isolated C=C bonds. For example, allyl ethers 
are cleaved by lithium aluminium hydride in tetrahydrofuran, 


Ron MO ROH 
and allyi esters are cleaved by sodium in ethylamine, 


ce) 


Na- EtNH> 
eee. ERS 


Roe + R'CO2H 


The corresponding alkyl compounds are unaffected in these conditions. 


(c) Alkyl systems 


Alkyl systems are generally much less easy to hydrogenolyze than the correspond- 
ing benzyl systems. 
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(i) Alcohols cannot be hydrogenolyzed directly but can be converted into their 
toluene-p-sulfonates which are reducible with sodium cyanoborohydride or with 
lithium aluminium hydride (i.e. by taking advantage of the fact that the toluene-p- 
sulfonate anion is so good a leaving group in Sy2 displacements, p. 103): 


ke 


TsCl 
Ron «= 


R“COTs —= RMe + TsO” 
Alternatively, the thioester formed with PhCSCI can be reduced with tributyl- 
stannane in a radical-chain reaction that is usually initiated with AIBN (cf. 
p- 538): 


$ S 
—_— R HCI 
ROH + ae Lan oe a + iC 
S g-S"Bus 
en + *SnBug at ee 
B 
5-5” U3 
propagation oe Ro + oe a 


R- + H-SnBug —_ RH + ‘SnBug 


This method is of particular value compared with the tosylate method when the 
organic compound contains other groups, such as carbonyl, which would also be 
reduced by LiAlH,. However, although good yields are obtained from secondary 
alcohols, they are generally low with primary alcohols. 


(ii) Halides are much more reactive than alcohols in Sy2 displacements and are 
correspondingly more susceptible to hydride-transfer from lithium aluminium 
hydride or, better, sodium cyanoborohydride. For example, with the latter 
reagent in hexamethylphosphoramide, 1-iododecane gives decane in about 90% 
yield [6]: 


oS 1 NaBHSCN NNN 


Electron-transfer agents are also efficient. Since the highly electropositive 
metals like sodium induce Wurtz coupling, the metal~amine systems are unsuit- 
able, but magnesium amalgam in water and a zinc-copper couple in ethanol can 
be used, e.g. 
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“Ne | Mg-Ha “NZ 
i (nearly quantitative) 


Alternatively, magnesium in ether is used to form the Grignard reagent which is 
subsequently decomposed by water, 


RX + Mg —=  RMgX 22 RH 


Two radical-mediated processes are available. In one, the reducing agent is 
chromium(t) ion, usually complexed with ethylenediamine. It is thought to act by 
first removing the halide to form an alkyl radical, 

R-Br + Cr Rt CB 


and then to complete reduction via an organochromium species: 


+ 
R: + Cr'' — R-Crlll pug RH +. rll 


Alkenyl halides can also be reduced in this way. 
The second is a radical-chain reaction, initiated by AIBN, in which the reducing 
agent ts tributylstannane: 


R-Br + *SnBug — R: + Br—SnBug 


propagation 


R- + ~=-H-SnBug  —> RH + ~~ -SnBug 


Electron-transfer agents react with 1,2-dihalides in a different manner: both 
halogen atoms are eliminated and a C=C bond is introduced. Zinc is normally 
used as the reducing agent: 


Zn: ™ Br 


a — “SN + OZNBY 


CBr 


For example, allene may be obtained in 80% yield by the treatment of 2,3- 
dichloropropylene with zinc in aqueous ethanol: 


cl 
HLC 20 eps 
2 we nol H,C=C=CH, 


Cl 


(iii) Acetals and ketals are hydrogenolyzed to ethers in high yield by lithium 
aluminium hydride in the presence of aluminium trichloride: 


R R 
R {OR LiAIH, - AICly a + R'OH 
OR OR’ 
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(iv) Primary amines can be reduced by treating the derived toluene-p-sul- 
fonamide with a large excess of hydroxylamine-O-sulfonic acid in alkaline ethanol. 
Use is made of the strong leaving-group potential of sulfates and sulfinates and 
the instability of the —N==NH grouping (cf. p. 650). 


Ts JIS 
R “ NH, TsCi R~N c ee R “ N 
-HCI H -H2S04 NH, 
a $s = “~N 
OH Sn Ts R~ ~N Na 
R aul i RMe 
“NH NH 


For example, 1-hexylamine gives hexane in 41% yield. 


(d) Aromatic systems 


Aryl halides can be reduced by the formation of the Grignard reagent (from 
bromides and iodides) or the lithium compound (from chlorides) followed by 
treatment with water, or with hydrazine over a palladium catalyst. For example, 
2-bromonaphthalene is reduced to naphthalene in 95% yield in 5 minutes in 


boiling ethanol: 
Br 


Reduction with chromium(i) ion is also efficient. For example, 1-bromona- 
phthalene with chromium(1) complexed with ethylenediamine in aqueous dime- 
thylformamide gives 93-98% of naphthalene [6]. 

The halogen atoms at the 2- and 4-positions of pyridine and its derivatives can 
be efficiently removed both catalytically by hydrogen and by electron-transfer 
reducing agents (cf. the ease of nucleophilic substitution at these positions, 
p. 399). Since hydroxyl groups at these positions are convertible into chloro- 
substituents with phosphorus oxychloride, this provides a method for reducing 
phenols, as in the Conrad—Limpach synthesis (p. 705), e.g. 


Oo, = O* a 
N7 OH N7 ci n7 


Phenols can be hydrogenolyzed via their phosphate esters by reduction with 
sodium in liquid ammonia, but yields are not usually above 50%. 


Oct 
apm -OEt Na - NHg Ait “% Ot 
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Aromatic amines cannot be hydrogenolyzed directly; they are deaminated by 
reduction of the corresponding diazonium ions (p. 413). 


Aldehydes and ketones can be reduced to hydrocarbons, alcohols, and 1,2-diols. 


(a) To hydrocarbons 
Five methods are available. The choice between them is based on the sensitivity 
of other functional centres in the reactant in the reducing conditions. 


(1) Clemmensen method. The reducing agent is amalgamated zinc and con- 
centrated hydrochloric acid. The mechanism is not certain but may be as follows: 


+ 
R,C=0 == RCH=OH — ZA LSurlace) R,C-OH "+ 
ee Aug Z eee? 
n Ht 4-2N 2n _ 2n H* 

R HO be oe 

OH R R 
R_ 2 R 

oe oe cae 

R R 


The method is particularly useful for ketones which contain phenolic or carboxylic 
groups. For example, the reduction of 3-benzoylpropionic acid in toluene gives 4- 
phenylbutyric acid in 85% yield [2]: 


fe) 
Zn - Hg - HCl 
one ols a Ph~ \~>COH 


This type of reduction forms one step in the extension of benzenoid systems via 
Friedel~Crafts acylations (p. 368). 

The reagent also reduces the CC bond in aB-unsaturated ketones, acids, and 
esters. Benzyl halides and alcohols are hydrogenolyzed. Strongly hindered ketones 
give low yields and sometimes rearrangement products (e.g. Ph,C-—CO— Ph > 

(2) Wolff-Kishner method. The hydrazones of aldehydes and ketones are 
reduced in vigorously basic conditions with the evolution of nitrogen, probably as 
follows: 


20.4 
Aldehydes and 
ketones 
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R R 
H H N. 
| Lam — NH + Ne 


One procedure is the Huang-Minlon modification. The hydrazone is formed by 
heating the carbonyl compound with hydrazine hydrate and potassium hydroxide 
in (HOCH,CH2)20 under a water condenser. After completion of the formation 
of the hydrazone, the water condenser is removed so that the water liberated in 
the first reaction is distilled and the temperature rises to over 200°C, so bringing 
about decomposition of the hydrazone. 

A newer modification employs potassium t-butoxide as the base and dimethyl 
sulfoxide as solvent. Alkoxide bases are very much more powerful in this solvent 
than in hydroxylic solvents (p. 64) and reaction occurs at room temperature in 
high yield. For example, benzophenone gives about 90% of diphenylmethane: 


Ph Ph NH, a 
)=o NoHy yen’ Me3CO ~/ Me2SO Ph. Ph 
Ph Ph 


(3) Mozingo method. The carbonyl compound is converted with ethanedithiol 
in the presence of a Lewis acid into its dithio-acetal or ketal and this is hydro- 
genolyzed over Raney nickel: 


R H 
HS Et o- BF Ho - Ni R 

=o + Ssy a Piak inelastic am ie . pL Se ROX 

R 20°C H 


Alternatively, the cyclic dithio-compound is reduced by hydrogen-transfer from 
hydrazine at 100-—200°C. 

The Mozingo reaction is useful for reducing carbonyl compounds which are 
sensitive to mineral acid and bases, for the Clemmensen and Wolff-Kishner 
methods are then unsuitable. 

(4) Tosylhydrazone method. Reaction of the carbonyl compound with toluene- 
p-sulfonylhydrazine gives the tosylhydrazone which is efficiently reduced by 
sodium borohydride or cyanoborohydride (Ar = p-tolyl): 


R QP QP 
HoN “H20 RUN WY 
)=O + Ney SN ay a ‘wSNar 
" H R oH 
H 
TBH LEH § Ne + Nat “OpSAr 


Reaction probably occurs as follows: 
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(5) Lithium aluminium hydride. Aromatic ketones are reduced by lithium 
aluminium hydride in the presence of aluminium trichloride. Reaction occurs by 
reduction to the alcohol (p. 652) followed by hydrogenolysis of the benzylic 
system, aided by the Lewis acid: 


Ar ; Ar Ar 
AIH, 7 AICI ~ 
yo SA eo HAI“H SCH <O. 
R R R AICl, 
H Ar Z 
noes x + O=AICl. 
HOR 


(b) To alcohols 


Carbonyl compounds are reduced to alcohols by a variety of reagents. Of the 
three general classes of reductive process, catalytic hydrogenation is not normally 
chosen because it is slow, but both hydride-transfer and electron-transfer reagents 
are employed. 


(i) Hydride transfer. The alkali-metal hydrides such as sodium hydride, NaH, 
are unsuitable as reducing agents because of their insolubility in organic solvents 
and, particularly, because of their powerful effects as catalysts for the base- 
catalyzed reactions which aldehydes and ketones undergo. Instead, lithium alu- 
minium hydride, LiAIH,, or sodium borohydride, NaBHg, or derivatives in which 
some of the hydrogens have been replaced by other groups, are used; they are 
effective at transferring a hydride ion to a carbonyl group, but not as bases in 
condensations. 


1. Lithium aluminium hydride was the first such compound to be developed. 
It is prepared by treating lithium hydride with aluminium trichloride, 


4liH + AIClg —, LiAIK, + 3LiCl 


and is soluble in ethers such as diethyl ether and tetrahydrofuran, in which it 
is normally used. The solvent must be scrupulously dry, since the hydride is 
destroyed by water, 


LiAIH, + 4H,O —* LIOH + AWOH)3 + 4He 
and it must also be handled as a solid with great care since it may inflame 
spontaneously while being crushed in a pestle and mortar and it explodes violently 


on strong heating. All hydroxy!-, amino-, and thiol-containing compounds liberate 
hydrogen quantitatively from it, e.g. 


4EtOH + LiAIH, —» (EtO),AI LIT + 4H 
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Each of the four hydrogen atoms in lithium aluminium hydride is available for 
transfer to carbonyl groups, e.g. 


R R 

= fr - ‘C= “ = 

HAH SSO —- — H--OAIH, ee (RR'CHO),Al 
R' R' 


AHO, 4 RRICH-OH + = AI(OH)3 + OH” 


each step occurring less rapidly than the preceding one. (As a result, the replace- 
ment of two or three hydrogen atoms of the aluminium hydride anion by alkoxy 
groups gives less reactive and more selective reducing agents: examples are 
described later.) Finally, hydrolysis of the aluminium alkoxide gives the alcohol. 


2. Sodium borohydride is much less reactive. It can be used in alcoholic 
solvents and even in water, for it decomposes only enough to make the solution 
alkaline, after which it is stable. 


NaBH, + 4H,0 —» NaOH + B(OH)3 + 44H 


Chemoselectivity. The two reagents differ considerably in their reducing 
power. Lithium aluminium hydride reduces not only aldehydes and ketones but 
also acids, acid chlorides, esters, nitriles, imines, and nitro groups, whereas 
sodium borohydride reduces only aldehydes, ketones, acid chlorides, and imines. 
Neither reagent normally reduces C=C, C==C, or N=N, although lithium 
aluminium hydride reduces alkynes containing a-hydroxy-substituents (p. 640) and 
reduces azo-compounds in the presence of a Lewis acid (p. 672). For the reduc- 
tion of aldehydes and ketones, sodium borohydride is normally preferred, both 
because of its greater chemoselectivity and because of its greater ease of handling. 
Sodium borohydride is also selective between carbonyl groups in different environ- 
ments. For example, with only one equivalent of reducing agent, the compound 


0 


LO 


is reduced only at the non-conjugated carbonyl position; the other carbonyl group 
is less reactive, owing to the delocalization energy in the conjugated system, 


Yo —— Sro- 


which is lost on addition of a nucleophile. Sodium cyanoborohydride, NaBH3CN, 
is less reactive, and more selective, than the borohydride because the electron- 
attracting cyano-group stabilizes the negative charge on boron. It reduces alde- 
hyde groups and imines but not the less reactive keto-groups and acid chlorides. 


REDUCTION 
1. Stereoselectivity with cyclohexanones. With relatively small hydride- 


donors, such as the AIHg and BH, ions, steric hindrance to axial approach is less 
important than the stereoelectronic effect that favours it (p. 175), e.g. 


H OH 
1) LIA, 
2) H* we LOH - we Lao 


90% 10% 


@) 
Las 2) Ht HO 
@) 


However, the opposite is the case with bulky hydrides, e.g. 
OH 


o 
1) LIBH(CH2CHMe,) 
Py oe Sy aaaelanS ow LT 


93% 


2. Stereoselectivity with acyclic asymmetric ketones. The major product can 
be predicted by Cram’s rule (p. 150), e.g. 


H Me H Me H Me 
%, , y y OH 
Ph Ae 1) wes prot + err 
Me an H Me Me H 
74% 26% 


3. Stereoselectivity with symmetric ketones and an asymmetric hydride donor. 
(+)-a-Pinene reacts with the boron derivative 9-BBN (p. 485) to give an asym- 


metric adduct, 


which reduces ketones with a very high degree of enantioselectivity, in some cases 
100%. It is thought that the adduct transfers hydride to the ketone via a six- 
membered, boat-shaped cyclic transition state in which the larger group on the 
ketone preferentially lies away from the a-pinene residue to minimize steric 
congestion, e.g. 
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— jy ——_ 


The adducts of 9-BBN with both (+)- and (--)-a-pinene are available com- 
mercially, so that either enantiomeric alcohol can be synthesized. 


(ii) Other hydride-transfer systems. 


(1) Cannizzaro reaction. Aldehydes which do not have a-CH groups cannot 
undergo base-catalyzed reactions. Instead they react with bases by disproportion- 
ation involving the transfer of hydride ion, e.g. 


nan 


PhoA 
Ph . 
‘=o OL Phot 40 ——» — PhCO2H + PhCH,O" 
H “O OH 


_ PhCO3 + PhCH2OH 


Crossed Cannizzaro reactions between one such aldehyde and formaldehyde 
result in the reduction of the former and the oxidation of the latter, for formal- 
dehyde is more reactive than other aldehydes towards nucleophiles and rapidly 
gives a high concentration of the donor anion: 


e OH” yaae) 5 
so SF ti ——~ HCO + RCH2O 
H “O OH 


= HCO” + RCH2OH 


This fact can be exploited for reductions. For example, benzaldehyde is reduced 
by formaldehyde in the presence of potassium hydroxide in refluxing methanol 
to give 80% of benzyl alcohol [2]. The preparation of pentaerythritol from 
acetaldehyde and formaldehyde is also dependent on a crossed Cannizzaro reac- 
tion (p. 212). 

(2) Meerwein~Ponndorf~Verley reaction. This is the reverse of Oppenauer 
oxidation (p. 612): equilibrium is established between the carbonyl group to be 
reduced and isopropanol on the one hand, and the required alcohol and acetone 
on the other, in the presence of aluminium isopropoxide. Since acetone is the 
lowest boiling constituent of the mixture, it can be continuously distilled so that 
the equilibrium is displaced to the right. 
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fe) 
R Me,C*—~AKOCHMe)2 eco 
=O + = (Me,CHO),Al ==> 4 = 


INA 
R Pas) 
af 


R R 
H-}—-OAKOCHMe,), en H-)-OH + — AI(OCHMep)3 
R R 


For example, trichloroacetaldehyde is reduced to trichloroethanol in about 80% 
yield. The reaction is specific to aldehydes and ketones; in particular, the C=C 
bond in aB-unsaturated aldehydes or ketones is not reduced (compare lithium 
aluminium hydride, p. 638). However, the basic conditions may bring about side 
reactions (as in the synthesis of reserpine, section 22.1). Very hindered Grignard 
reagents effect reduction in a similar way (p. 190). 


(ii) Electron-transfer reagents. These reagents are less selective than sodium 
borohydride and the Meerwein~Ponndorf-Verley reagent, e.g. they also reduce 
the C==C bond in af-unsaturated carbonyl compounds. Nevertheless, in simple 
cases they are rapid and efficient, e.g. 2-heptanone is reduced by sodium in 
ethanol to 2-heptanol in over 60% yield {2], 


ie i Na - EtOH oa 
Sen 


O OH 


and heptanal is reduced by iron in aqueous acetic acid to 1-heptanol in 80% yield. 
If the ketone contains at the a-position a substituent which is a good leaving 
group, the intermediate anion-radical undergoes elimination: 


oO oO oO 
. N f . -Xx” . 
ay Na, ral is OO a 
Gx 


x 
ra R"OH 
aa pa 


Zinc is often used as the electron source in these reductions. For example, a- 
hydroxycyclodecanone gives cyclodecanone in about 75% yield when treated with 
zinc in a mixture of hydrochloric and acetic acids at 75-80°C [4]: 


ce) ro) 
(CHo)g 2 -HCI/ ACOH (CHo)g 
OH 


! 
s 
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20.5 
Epoxides 


(iii) The borane 9-BBN. Whereas lithium aluminium hydride and sodium 
borohydride reduce af-unsaturated aldehydes and ketones by both 1,2- and 1,4- 
addition, 9-BBN (p. 485) reduces only the carbony! group. 


(c) To 1,2-diols 


In the absence of a proton-donor, electropositive metals reduce ketones to 1,2- 
diols via the dimerization of anion-radicals: 


R,C=O —-» RC-o  Simerzes. an Le ss ae 
2 2 et > 
or =0 HO OH 


The standard procedure employs amalgamated magnesium with benzene as sol- 
vent: the solid magnesium salt of the diol is formed and is hydrolyzed to the diol 
itself. For example, acetone gives pinacol in 45% yield after 2 hours in refluxing 
benzene [1]: 


gine Me Me oe Me Me 
2 Me,C=O 9-19 Me—}—¢-Me a Me—)—¢-Me 
Oo oO HO OH 
\ 7 
Mg 


pinacol 


In an improved procedure, titanium tetrachloride is included; reaction is pro- 
bably brought about by titanium metal formed in situ, e.g. 


HO 
1) Mg- Hg TiC OX 
2 Ce 2) HO Na 


95% 


The reaction is generally ineffective for aldehydes because they are too readily 


reduced to alcohols. 1,2-Diols may also be formed by photochemical dimerization 
(p. 499). 


(a) Lithium aluminium hydride 


Epoxides are reduced to alcohols by lithium aluminium hydride. Since epoxides 
are readily obtained from alkenes (p. 588), the overall reaction serves to hydrate 
the alkene. The procedure is complementary to the hydroboration method (p. 
657) since the hydride selectively attacks the less alkylated carbon of the epoxide 
ring, so giving the more highly alkylated alcohol (p. 590), e.g. 


i R ; RCH 
R peroxyacid 1) LIAIH, 3 
HF X 7 2) H a ci oa 


ie) OH 
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The reaction has the stereochemistry characteristic of Sy2 processes, for exam- 
ple in a rigid cyclic system the axial alcohol is formed, 


HgAI—H 


\ H 
5 _ 3 


The strained ring in four-membered cyclic ethers is also cleaved by lithium 
aluminium hydride, e.g. 


eee as 
H,Al—H = SANG: 


but the near-strainless five-membered ethers are resistant. They are, however, 
opened in the more vigorous conditions obtained by using lithium aluminium 
hydride in the presence of aluminium trichloride (cf. p. 651), e.g. tetrahydrofuran 
gives 1-butanol: 


£ \ 4 van, AS Yo 
) 


(b) Hydroboration 


Epoxides are reduced by diborane to give mainly the less substituted alcohol, e.g. 


Me, 


H Me, 
4 _soMe aH goMe Mex 
ae ak Batts, Me,CH* + “S—CH,Me 
fo) OH HO 


75% 25% 


The method is therefore complementary to the use of lithium aluminium hydride. 


Until the advent of the complex metal hydrides (1947), the only methods for 
reducing acids and related compounds were relatively unselective. For example, 
esters could be reduced to alcohols over copper chromite in vigorous conditions, 
although not over other catalysts, e.g. 


, 
Bu ae Ho - 'Cu-Cr Bul._OH 
250 °C, 220 atm 
Oo 88% 


but other reducible groups in the molecule would also react (e.g. C=C, C==C, 
C=O). 


20.6 
Acids and their 
derivatives 
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Many methods, some of unique and others of moderate selectivity, are now 
available. 
(a) Reduction to the alcohol or amine 


Lithium aluminium hydride reduces acids and all their derivatives to the alcoholic 
or amino level.* The general mechanisms are: 


R R - R ; R 
= -X 
HAH SSG HRQD eo tt. Lon 
x X2 ~ AIH, H 


. n- A 
HAIMA SG —- HDSOAIH, —~ eR, “H+ “Nr, 
R'gN Ri,N: 
H-AIH 
Fe in sw Ms 
2B f LiAIH AIH 
R—-=N At Als Z Pe 3 
AlH3 
H20, R~~NH, 
For example: 
Acids: a call Bu'._OH 
Oo 92% 
E : PhO 
sters Yr Et Ph. OH 
0 90% 
i ides: ICH i 
Acid halides: Cly i Cl,CH. OH 
o 65% [4] 


* Note the difference between the reaction with amides and those with other acid derivatives. It arises 
because -——-NR, is a not as good a leaving group as, e.g. ——Cl. 


REDUCTION 


Anhydrides: 


87% 


Amides: a ae ci ees ONO Ne 
(4} 


0 88% 


Nitriles: 
Ph—-CN a Ph~ ~NH, 


72% 


The order of reactivity is the same as that in other nucleophilic displacements 
on acid derivatives: RCOC] > RCO,R > RCONR, > RCN > RCO.H. In 
contrast, with a neutral aluminium hydride (AIH3) — an alane (cf. boranes) — the 
order of reactivity is almost the exact opposite: RCO,H > RCONR, > RCN > 
RCO.R > RCOCI. This is because the crucial step is the formation of a complex 
in which the aluminium hydride acts as an electrophile, so that it is the capacity 
for donation of an electron pair by the organic compound that is important, e.g. 


+ 
R O R Ow. 
+ AHR, == SAR, 
EtO EtO H 
RO, R30 
so ae I 
~ AIR, aa +  EtOAIR, 
EtO H H 
a AIHR, ROH 
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A suitable aluminium compound for this purpose is prepared by the reduction 
of isobutylene in the presence of aluminium: 


A 
oe + 32H + Al — aoe 


140°C 
—— 


~ 


diisobutylaluminium hydride 


(DIBAL) 
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DIBAL is a convenient reagent for reducing carboxylic acids to alcohols. It can 
also be used for reducing esters to alcohols via aldehydes as above, but it is 
possible to stop reaction at the aldehyde stage (p. 662). Amides and nitriles also 
yield aldehydes (pp. 665, 666). 

Diborane reduces carboxylic acids to alcohols and nitriles and amides to amines, 
again through complexes: 
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This method has the advantage, compared with lithium aluminium hydride, that 
ester and nitro groups are not reduced. For example, p-nitrobenzoic acid gives p- 
nitrobenzyl alcohol in about 80% yield. 

Esters can be reduced by the acyloin method (p. 549) and by the Bouveault— 
Blanc method (sodium in refluxing ethanol), e.g. 


: OH 
FIO. ~ 60,8 Na - EtOH HO 22 es 


75% 
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Acid chlorides can be reduced with sodium borohydride in diglyme solution. 
Acid, ester, amide, C==C, and C==C groups in the molecule are not re- 
duced but aldehydic and ketonic groups are. Sodium trimethoxyborohydride, 
NaBH(OCH3)3, also reduces —-COCI to —-CH,OH without affecting ester 
groups. 

Nitriles can be reduced catalytically. In the absence of added ammonia, con- 
siderable quantities of secondary amines are formed since the primary amine can 
add to the imino intermediate (i.e. the half-reduced stage): 


H 
R—=N te ahi +e. AT NH, 
fa R 
-NHg 

R7 NH, NH oa <a 

H 
RA nZ RA Hee RON R 

H 


This is circumvented by the addition of an excess of ammonia which assumes the 
role of nucleophile in place of the primary amine and yields are then high, e.g. 
over Raney nickel, benzyl cyanide gives phenylethylamine in about 85% yield 
in liquid ammonia under pressure [3] and 1,8-octanedinitrile gives decamethy- 
lenediamine (79-80%) in ammoniacal ethanol [3]: 


Ph. _CN Hp - Ni/ NHg Ph 
~~ 120°C, 120 atm ~~ NH, 
Hp - Ni/ 


NH3- EtOH 


NH 
NC OAL —_ 2. OOS 2 
CN 125°C, 100 atm HON 


The reduction of nitriles by sodium in ethanol suffers from the disadvantage 
that secondary amines are formed, as in the ammonia-free catalytic method. 

It should be noted that none of the reagents described above is uniquely 
selective, but in some cases where two methods are available one complements 
the other. For instance, diborane is the reagent of choice for acids when ester 
groups are present but not when C==C or C==C bonds are, whereas lithium 
aluminium hydride is suitable in the latter case but not in the former. Benzylic 
systems are liable to hydrogenolysis, so that reductions of ArCOQ2H, ArCO)R, 
ArCOCl, ArCONR,, ArCH,OCOR, and ArCH,NHCOR are likely to give 
ArCHs. 
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(b) Reduction to aldehydes 


It is often necessary to convert acids and their derivatives into aldehydes, for 
aldehydes are not readily made by other methods whereas acids are readily 
available. Selective procedures are required since aldehydes are easily reduced to 
alcohols, and a number of older, lengthy procedures have been superseded by 
techniques using modified complex metal hydrides. 


(i) Acids. Lithium in ethylamine can be used but yields are in general low, e.g. 
"N60 — SS CHO 
26% 
and sometimes zero (e.g. for Me;CCO,H), but in isolated instances yields of up 
to 80% have been recorded. 


Satisfactory yields can be obtained by reducing the imidazolide of the acid with 
lithium aluminium hydride, e.g. 


X 9 
-™> . 
PhCO,H + re) TON —e PHN SABE PhCHO 


a 
77% 


(ii) Esters 


(1) McFadyen and Stevens’ method consists in converting the ester into its 
hydrazide, treating this with benzenesulfony! chloride, and hydrolyzing the prod- 
uct with base. The principle of the method is analogous to that of the Wolff- 
Kishner reduction (p. 649) and to the method for hydrogenolyzing primary ali- 
phatic amines (p. 648): 


H 
H | 
Ar.__LOEt NoHy Ar_ NN PhSO,CI Ar UNS USO2Ph 
T “EtOH YY NH2 CI 1 i: 
Oo 


NagCO3 / (CH20H)2 


cs —-  ArCHO + Ne 


ay SNH 


ce) 


Only aromatic aldehydes can be prepared in this way and yields are often low. 
(2) DIBAL reduces esters to alcohols at room temperature (p. 660). Reaction 
occurs by way of an aluminium alkoxide intermediate which spontaneously forms 
aldehyde which, being more readily reduced than the original ester, yields the 
alcohol. However, at —78°C, the alkoxide is stable enough to accumulate and can 


REDUCTION 


be trapped by added water which also destroys the residual reducing agent. The 
resulting adduct forms aldehyde: 


R R_ OH 
Sota, 4 HO MRO 


OEt 


——= RCHO + EtOH 


OEt 


Amide, nitrile, and C==C groups are also reduced. 


(iii) Acid halides 


(1) Rosenmund’s method consists of reducing the acid chloride with hydrogen 
on a palladium catalyst supported on barium sulfate or, less commonly, on 
calcium carbonate or charcoal. 


R_ Cl Pd R_ 7H 


TY + Ho = TY + HCI 


Temperature control is important: the reaction should be conducted at the lowest 
temperature possible in order to prevent further reduction. Refluxing toluene or 
xylene (i.e. 110-140°C) is usually suitable and the reaction can be followed by 
passing the hydrogen chloride into standard base. It is sometimes helpful partially 
to poison the catalyst: a commonly used poison is obtained by refluxing sulfur in 
quinoline. 

Yields are normally high, even with sterically hindered compounds, c.g. 


re) oO 
Cl ty - Pa BaSOs (poisoned) ee H 
xylene 
74-81% [3] 
Cl Oo H_ oO 
Me Me Me Me 
He - Pd / BaSO, 
xylene 
Me 
70-80% [3] 


(2) Desulfurization of thiol esters on Raney nickel which has been partially 
deactivated by boiling with acetone is effective, e.g. 


“N EtSH / pyridine “Nr SEt Me a a 4 H 


fe) -HCt fe) 
73% 
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(3) Lithium tri-t-butoxyaluminium hydride, prepared from lithium aluminium 
hydride and t-butanol in ether, is considerably less reactive than LiAIH, since the 
electron-attracting alkoxy-group stabilizes the negatively charged aluminium ion. 
It reduces acid chlorides only to aldehydes at —78°C, and does not affect nitro, 
cyano, and ester groups, e.g. 


H 


Cl sea ee 
fe) “78°C Oo 


81% 


(iv) Amides 


(1) The Sonn-Miiller reaction involves conversion of an anilide or toluidide 
into the imino-chloride which is reduced to the imine with tin(11) chloride; hydro- 
lysis gives the aldehyde. 


Ar Cl php = ARK_LNHPh An NPh PCs 
© Sage’ ie eee 


re) ; .e) OH 


ge SnCh - HCI Hag H30° Ar 20 + PhNHg* 
Ci H H 


For example, o-tolualdehyde can be obtained in up to 70% yield [3]: 


Me O Me O 
1) PCls 
NHPh 2) SnCl - HCI/ Et,0 H 
3) steam distillation 


This method is not applicable to aliphatic aldehydes because the intermediate 
imino-chlorides are unstable. 

(2) The hydrolysis of Reissert compounds has proved suitable for the prepar- 
ation of some aromatic aldehydes. The acid chloride is added to quinoline in 
aqueous potassium cyanide and the resulting Reissert adduct is hydrolyzed with 
mineral acid: 


OO = Oe ON 
oar 
HCI SOl + ArCHO 
N7 cO,H 
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For example, o-nitrobenzoyl chloride gives o-nitrobenzaldehyde in about 65% 
yield. The method has also been used for introducing the carboxyl group into 
quinolines. 

(3) Lithium aluminium hydride reduces disubstituted amides to aldehydes 
provided that the temperature is kept low: 


: R Re S23 H20 
HAH SQ H-)—OAIH, = 2 
R'2N RN 


R 
| eon — RCHO + R'QNH 


R'oN 


At higher temperatures the first intermediate undergoes elimination, and further 
reduction to the amine ensues (p. 659). The N-methylanilide is usually employed, 


e.g. 


Me 
Me H 
Me Ns pn LiAIH, a 
re) oO 
68% 

Oo Oo 
NMePh 2 IAI, H 
NMePh H 

Oo Oo 

phthalaidehyde 
60% 


(4) DIBAL and lithium diethoxyaluminium hydride, LiAIH,(OEt)2, from lith- 
ium aluminium hydride with two equivalents of ethanol, can be used for the 
conversion R—CONR’, ~ R—CHO. 


(v)_ Nitriles 


(1) The Stephen reaction involves the addition of the nitrile to a suspension of 
anhydrous tin(m) chloride in diethyl ether saturated with hydrogen chloride, 
followed by hydrolysis. The reduction occurs at room temperature and is equival- 
ent to that in the Sonn—Miiller reaction (p. 664). For example, 2-naphthaldehyde 
can be prepared in about 75% yield [3]: 


CN 
SnCiz-HCh 
20 20°C 
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H H 
steam 
NH distillation fe) 


(2) Hydrogen and Raney nickel in the presence of semicarbazide and water 
gives the semicarbazone of the aldehyde from which the aldehyde is liberated by 
an exchange reaction with formaldehyde. Over-reduction is here prevented by the 
trapping of the aldehyde. 


HaNNHCONH» A Ay: ye CHO aie 


(3) DIBAL and lithium triethoxyaluminium hydride, LiAVH(OEt); (from lith- 
ium aluminium hydride and three equivalents of ethanol) can be used, e.g. 


en ; ao “~ScHo 


68% 


20.7 
Systems 
containing 
nitrogen (a) Nitro-compounds 


The reduction of aliphatic nitro-compounds to amines is of little importance 
because the amino group is easily introduced in a number of other ways (e.g. 
from the halide and an amine, p. 302). Lithium aluminium hydride and cata- 
lytic reduction on Raney nickel are both suitable methods, e.g. 2-nitrobutane is 
reduced to 2-aminobutane in 85% yield by the former reagent (compare the mode 
of reduction of aromatic nitro-compounds by LiAIH,: below). 

The reduction of aromatic nitro-compounds is much more important because 
the nitro group can be introduced into a wide variety of aromatic systems by 
nitration whereas the amino group can only be introduced directly into those 
aromatic compounds which are strongly activated to nucleophiles (p. 397). Several 
types of reduction product are obtainable, as illustrated for nitrobenzene: 


REDUCTION 667 


Zn - NHgCl/H20 


5055 °C PhNHOH 


phenylhydroxylamine (55%) [1] 


i 
dextrose - NaOH Ne 
pyc NeyePh 
azoxybenzene (80%) [2} 
Zn (2 moles) - NaOH / MeOH / H20 ANeyePh 
PhNO> n (2 moles) - NaOH / MeOH / Ho: Ph N 
azobenzene (85%) [3] 
H 
Zn (3 moles) - NaOH / MeOH N.. UPh 
See ee PhO N 


hydrazobenzene (88%) 


Sn (or Fe) - HC! PhNH, 


aniine 


In neutral solution buffered with ammonium chloride, phenylhydroxylamine is 
the main product. In basic solution, using a weak reducing agent such as dextrose 
or glucose, the intermediate nitrosobenzene reacts with phenylhydroxylamine 
to give azoxybenzene, which the more powerful reducing agents convert into 
azobenzene and hydrazobenzene. Lithium aluminium hydride gives azobenzene 
quantitatively and, in the presence of Lewis acids, brings about further reduction 
to hydrazobenzene. Metals in acid solution bring about reduction to aniline; 
industrially, iron and dilute hydrochloric acid are used, the product is neutralized 
with lime, and aniline is isolated by distillation in steam. 

The only member of the series which cannot be isolated is nitrosobenzene, but 
this is obtainable by the oxidation of phenylhydroxylamine (p. 622). 

Controlled electrolytic reduction occurs in exact stages: 


Ary re _O” 2e Ht Ary N oO" -OH” Ar. nee 
"i ( 
ie) OH 
2e2H" Arm -OH 2a HE ArNHp 
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It is usually the amino group which is required from the reduction and the 
problem is to find a selective reagent which leaves other reducible groups intact, 
so that the standard reagent for reducing nitrobenzene to aniline, tin and hydro- 
chloric acid, is unsuitable for many substituted nitro-compounds. 

Catalytic methods are suitable provided that C==C and C==C bonds are not 


present: e.g. 
NO, NH, 
H- Pt 
20°C, 1 atm. 
CO,Et CO,Et 
90-100% [1] 


and transfer-hydrogenation by hydrazine on palladium is also very effective. 
Electron-transfer reagents of mild type can be used, e.g. 


NO2 NH, 
Ol = OL 
100°C 
CHO CHO 
hae Ns CHO 
CHO FesO4-NHa/ HzO 
90°C 
70-75% {3] 


The complement to the last two reactions, reduction of the aldehydic group 
without reduction of the nitro group, can be effected with sodium borohydride. 

It is also possible to reduce one nitro group in the presence of another. The 
older method employed ammonium sulfide, e.g. 


NOs NH» 
HO HO 
NaS - NH4CI 
8 oO; 
NO. Ase NO» 
65% [3] 


but catalytic methods are usually more efficient. For example, m-dinitrobenzene 
gives m-nitroaniline almost quantitatively when reduced on palladium with cyclo- 
hexene as the hydrogen donor (p. 632): 


NO. NH2 


2 


REDUCTION 
(b) Imines 


Imines of the type RCH==NR’ and RCH=NR’> can be selectively reduced with 
sodium borohydride: 


RCH=NR’ ae RCH>—NHR’ 
Sy SS 
PH %, H 
are 
R 


An alternative reagent is dimethylamine borane, which reduces C==N without 
reducing acids, esters, or nitro groups. Yields are high, e.g. 


»-2+ 


+ * 
= Ph 
PhCH=NPh MegNH—8Hy ph NT + MegNH + ~~ B(OCOMe), 
in ACOH H 


(i) Reductive amination. When the reaction between an aldehyde or ketone 
and ammonia or a primary or secondary amine is carried out in the presence of a 
suitable reducing agent, the imine or immonium ion which is formed is reduced in 
situ to an amine. The usual reducing agents are hydrogen on Raney nickel, e.g. 
PhCHO + NH, 282. [pncH=nH]  He-N. prc NH, 
89% 


or sodium cyanoborohydride, e.g. 
+ = tt 
+ MesNH> Cl ae 0" 
TNS 


NMe, NMe> 


NaBtisCN 
eb aise: nS 


85% 


A side reaction can be disadvantageous: as the amine is formed, it can react 
with more of the carbonyl compound to give a new imine and, by reduction, a 
new amine, e.g. 


RCHO | A RCH=NH SMD. RCHNH, «= -BCHO, 


669 


670 


PRINCIPLES OF ORGANIC SYNTHESIS 


RCH,N=CHR stecuction!.- RCH,NHCH,R = = —=—= — (RCH2)3N 


This can be minimized by using a large excess of ammonia or primary amine. 

A variation of the method suitable for making tertiary amines in which there is 
at least one N-methyl group is to heat an amine with formaldehyde and formic 
acid under reflux (c. 100°C) (Eschweiler-Clarke reaction). With a secondary 
amine, the intermediate immonium ion is reduced by formate ion: 


RoNH + CH20 = R2N-CH20OH 


R,N-CHOH + HCOOH == RoN=CH, + HCO; + H,0 


H Lo" 
Roll-on, I od R,N-Me +  COp 


When the starting amine is primary, successive condensations and reductions 
occur: 


RNH> CH20 - HCO2H RNHMe CH20 - HCO2H RNMe> 


For example, the conversion PhCH,CH,NH2 — PhCH,CH,NMe, occurs in about 
80% yield {3}. 

The Leuckart reaction is a variant of the Eschweiler—Clarke reaction in which 
aldehydes or ketones other than formaldehyde are heated with ammonium for- 
mate or a formamide at 180-—200°C, e.g. 

Se + HCO," NH,* 180°C Ph Me 
fe) NH, 


60% 


However, while it is a more general procedure than the Eschweiler—Clarke 
process, yields are usually lower. 


(c) Oximes 
Electron-transfer reagents are normally employed, as in the formation of 1- 
heptylamine in 60% yield from heptanal oxime with sodium in ethanol [2], 

H 


ee Na - EtOH 
NOH oO A IN 


and in the Knorr synthesis of pyrroles (p. 686), where sodium dithionite is 
preferably used: 


REDUCTION 


ie) oO 


ay oe Na2S20, pon Oost 


NOH NHp 


Catalytic methods are reasonably efficient but tend to produce some of the 
secondary amine, e.g. 


H 
NH, N 
om ae oo”. 
90°C 


80% 10% 


(d) Nitroso-compounds 


C-Nitroso-compounds can be converted into hydroxylamines by controlled elec- 
trolytic reduction (p. 667). Reduction to amines is normally brought about by 
electron-transfer reagents, e.g. 


NO NH> 
Sn- HCl 
NMe, NMe, 
NO NH, 
OH OH 
OC = OC 


10% [2] 


These reactions are commonly used for obtaining amino groups in aromatic nuclei 
which are strongly activated towards electrophiles, since it is often easier to 
nitrosate these compounds than to nitrate them (see the synthesis of pteridine, 
p. 719). 

N-Nitroso-compounds are reduced by mild electron-transfer reagents to sub- 
stituted hydrazines, e.g. N-nitroso-N-methylaniline with zinc in acetic acid gives 
55% of N-methy!-N-phenylhydrazine [2]: 

Me Me 
2n - ACOH 
pro pn Ns NH, 


Stronger reducing agents rupture the N—N bond, e.g. 


| ‘ 
Ne SoHo cone) PhNHMe + NHg 
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20.8 
Systems 
containing 
sulfur 


(e) Azo-compounds 


Azo-compounds are reduced to hydrazo-compounds by lithium aluminium hydride 
in the presence of a Lewis acid, as already described (p. 667). A more useful type 
of reduction is brought about by sodium dithionite which cleaves the N==N bond 
to give amines.* Since azo-compounds can be obtained by diazonium-coupling 
both to strongly activated aromatic compounds and to activated methylene com- 
pounds (section 13.4), this provides a useful route for the introduction of the 
amino group, e.g. 


Oo OH OH 


+ 
O} ArNg Na2S204 + ArNH» 


Ny NH, 
“NAr 


An alternative method, nitrosation followed by reduction, is also available. 
The reduction of diazonium salts both to arylhydrazines and to hydrocarbons 
has been described earlier (pp. 420, 413). 


Catalytic reduction of sulfur-containing compounds removes the sulfur as hydro- 
gen sulfide. Reduction with retention of the sulfur atom requires selective methods; 
the less active electron-transfer reagents are usually employed. 


(a) Disulfides 


Zinc in refluxing acetic acid is normally used. For example, thiosalicylic acid can 
be obtained from anthranilic acid in 75-80% overall yield in this way [2]: 


* The dithionite ion is in equilibrium in solution with the sulfur dioxide anion-radical, 


“O28-SOz = 2 SO,* 


and it is the latter which is the reducing agent, acting as a one-electron donor, probably as follows: 


SO2* H* 


RN=NR RN-NR — RNH-NR 
So pat . os . 
Bic hike RNH-NHR 203 RNH7 +) RNH 


SOF -2H" og RNH2 
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NH, 
ie HNO, - HCI ge NaySo 
CO.H CO.H 
SH 
cr Zn - ACOH > CX 
CO,H 


CO,H 


(b) Sulfonyl chlorides 


Sulfonic acids are not easily reduced, but the readily derived chlorides can be 
reduced to sulfinic acids and to thiols. There is a resemblance to reduction of the 
nitro group (p. 667): zinc or tin in mineral acid gives the thiol, whereas in neutral 
or alkaline solution intermediate products are obtainable. For example, benzene- 
sulfonyl chloride with zinc in sulfuric acid gives thiophenol in 96% yield [1], 


PhSOZCI 20-801, phSH 


and toluene-p-sulfonyl chloride with zinc in aqueous sodium hydroxide gives 
sodium toluene-p-sulfinate in 64% yield [1], 


SO,CI SO; Nat 


Zn - NaOH 
ee 


Me Me 


1. How would you carry out the following transformations? Problems 

(i) R—CH= CH, into (a) R--CH,—CH,OH, 

(ii) R—C==CH into (a) R—CO—CHs, (b) R—CH,— CHO. 

(iii) R—C==C—R into the corresponding (a) cis- and (b) trans-alkenes. 

(iv) EtO,C—CH,—CH,—CO>2H into (a) EtO,C—-CH,—CH,— 
CH,OH and (6) HOCH,—CH,—CH,—CO),H. 

(v) Ph—CH==CH—CO2H into (a) Ph—CH,—CH,—CO2H, (6) 
Ph—CH==-CH—CH,OH, (c) Ph—CH=-CH-——CHO, (d) Ph— 
CH,— CH2--CH,OH, (e) y-cyclohexylpropanol. 

(vi) m-Nitrobenzoyl chloride into m-nitrobenzaldehyde. 

(vii) m-Nitrobenzaldehyde into (a) m-nitrobenzyl alcohol, (b) m-amino- 
benzaldehyde, (c) m-nitrotoluene. 
(viii) 1-Methylcyclohexene into trans-2-methylcyclohexanol. 
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(ix) EtO,C—(CH2)g—CO2Et into (a) decamethylenediol, (db) 
cyclodecanone, (e) trans-cyclodecene. 


x 
(x) ALT into (a) ig [af (b) b—L~7 
ie) 
OH 


(xi) ? 9 
Me ex 
or “Me 
(xii) CHO OH CHO 
< into (a) 2 (b) < 
HO” “Me 


O” “Me O” “Me 
2. Outline a synthesis, which includes a reductive method, of each of the 
following, from readily available compounds: 


b A 
(@) a (6) CMe 
(c) Bh Ph (d) ph NMez 
os 
(e) fe) (f) f°) 


(g) CHO (h) = 
Ci. Me 


(i) = Me _ (j) O 


Me 


3. How would you attempt to convert acrylonitrile into adiponitrile 
(NC—(CH2)4—CN) (which is required for the manufacture of nylon)? 


REDUCTION 


4. An attempt to make the N-dimethyl derivative of the amine (I) by treatment 


with aqueous formaldehyde in the presence of formic acid gave the compound 
(ID). Discuss. 


(Il) 


Summarize the uses of hydrazine and its derivatives in effecting the reduction 
of various types of organic groupings. 
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21.1 
Introduction 


The synthesis of five- 
and six-membered 
heterocyclic compounds 


Heterocyclic systems are of widespread occurrence in nature, particularly in such 
natural products as nucleic acids, plant alkaloids, anthocyanins and flavones, and 
the haem pigments and chlorophyll. In addition, some of the vitamins contain 
aromatic heterocyclic systems and proteins contain the imidazole and indole rings 
(p. 324). In this chapter, the general methods for the synthesis of the more 
important heterocycles are discussed and, in the following chapter, applications of 
some of these methods in the synthesis of natural products are described. 

The reactions employed for making heterocyclic compounds involve only those 
principles and procedures which have been discussed in earlier chapters. For 
example, C——-N bonds are usually formed by reaction between amino groups and 
esters, aldehydes, ketones, halides, or activated alkenes (Michael-type addition); 
aliphatic C—-C bonds are usually formed by acid- or base-catalyzed reactions 
involving activated methylene groups and carbonyl groups; and ring closure on to 
benzene rings is usually effected by Friedel-Crafts reactions. Systems with two 
heteroatoms are usually constructed from two compounds of which one contains 
both heteroatoms as nucleophiles and the other contains two electrophilic groups 
(usually C=O or C—halogen), e.g. 


q ° " 10) 
' 1 N H N H 
NH OH U 1 
t l SH U Bie} 
ie) ce) NH, 
pyrazoles isoxazoles thiazoles pyrimidines 


Reactions between compounds which each contain both a nucleophilic and an 
electrophilic group are much less commonly used because of the likelihood of the 
self-condensation of each component. 

Pericyclic reactions, especially the addition of 1,3-dipolar compounds to C=C, 
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C==:C, and C==N, are also widely used to make heterocyclic compounds with 
one, two, or three heteroatoms (chapter 9). 


(a) Ease of ring closure 


In general, a reaction that forms a strainless or near-strainless five- or six- 
membered ring occurs more readily than the corresponding intermolecular reac- 
tion because the entropy of activation is much more favourable (p. 66). For 
example, whereas two molecules of an alcohol form an acyclic ether by dehy- 
dration only under very vigorous acidic conditions, diethanolamine gives morph- 
oline (a useful basic solvent) in much milder conditions: 


ie. y 
OH OH O;, OH» ° 
( f 70% HeSOa _ [ Y H’, -Hz0 [ J 
N N N 
H H H 


There is one important exception to this generalization in the formation of five- 
membered rings: ring closure is disfavoured when it involves reaction of a nucleo- 
phile at a trigonal (i.e. sp?) carbon atom which forms a double bond to an atom 
inside the incipient ring (the 5-endo-trig system): 


Y= yo 
Rg ee” 
x" X 
§-endo-trig 


For example, whereas the reaction of the 5-endo-dig system (dig = digonal 


carbon), 
oO fe) fe) 
OH oO” Ph fe) f BA 


Ph 


| 


5-endo-dig 


occurs, the reaction 


re) (6) 


base 
| on 
OH O 
ch Ph 
5-endo-trig 


fails. On the other hand, 5-exo-trig reactions in which reaction is at a double bond 
which is outside the incipient ring, 
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gr : 
( ea 

x7 Xx 
5-exo-trig 


are successful. 
The differences can be understood by considering the transition states for the 


processes. In that for each of the endo examples, the nucleophile’s electron-pair 
orbital interacts with one on the phenyl-substituted carbon atom which was 
originally a p orbital and is undergoing rehybridization to sp? and sp° in the dig 
and trig cases respectively. In the 5-endo-dig system this interaction can be 
achieved without appreciable strain when the original p orbital is the one in the 
plane of the molecular framework, corresponding to the relatively strainless five- 
membered ring of the product: 


ero 
Ge 


H 


5-endo-dig transition state 


However, in the 5-endo-trig system the only p orbital available is perpendicular to 
this plane, so that the molecule must adopt a non-planar framework in which the 
nucleophilic centre is above or below the C==C planar fragment. This is a highly 
strained arrangement and the transition state is consequently of high energy. 

In contrast, in the 5-exo-trig case, rotation about the single bond between the 
carbon of C=Y and its neighbour allows the p orbital on the former carbon 
atom to move into an approximately coplanar position for a relatively strainless 
interaction with the nucleophilic centre, the C— Y bond moving above or below 
the developing ring.* 

In some cases, intramolecular reactions take a different course from their 
intermolecular analogues as a result of this steric requirement. For example, the 
5-endo-trig cyclization corresponding to the intermolecular Michael-type reaction 


Ph~~ NH, + = aiid Ph7*N a a 
H 


* These stereochemical considerations underlie Baldwin's rules for ring closure (cf. also the preference 
for reaction of the 6-hexenyl radical to give a five-membered primary rather than a six-membered 
secondary cyclic radical, p. 540). Common examples of these rules (F, favoured; D, disfavoured) are: 


Ring size exo-dig exo-trig endo-dig endo-trig 
D 


Dunktw 
is se swe) 
sn 
bo» es Meo as] 
OO 
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does not occur; instead, 5-exo-trig cyclization gives the amide, e.g. 


H 
spe “an CO.Me 
MeO.C CO.Me 
MeO.C 
MeO. _O oO 
HN 
-MeOH HN 
MeOQ.C 
MeO,C 


(6) Retrosynthetic analysis 


The processes described in earlier chapters have mostly been concerned with 
single functional group interconversions in which one function is converted into 
another. In the synthesis of heterocyclic compounds, usually at least two such 
reactions occur, e.g. 


ah Nese ener Ce 2HBr l \ 


NH NH, ‘ 
YO cok + PhNHNH> 2H20, -EtOH cae 
oO ‘N Oo 
Ph 


In planning such syntheses, it is helpful to employ retrosynthetic analysis: the 
target molecule is (mentally) disconnected one bond at a time and, after each 
disconnection, a check is made that a reaction is available to carry out the 
reverse, connecting, process. This is continued until available compounds and 
reagents are identified. 

Consider the synthesis of the pyrazolone above. An obvious point of discon- 
nection is the N—CO bond, 


=—-> denotes disconnection | 
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since this type of bond is readily formed by the reaction of an NH-containing 
group and an acid derivative, -COX, where X is a good leaving group; that is, the 
reaction, 


should be successful if X is, for example, Cl. The next disconnection might be 
made at the C=N bond, 


since -NH, and ye=mo groups react together readily. Available compounds are 


now recognized: phenylhydrazine and a derivative of acetoacetic acid. A further 
check is necessary, however, since the former compound possesses two nucleo- 
philic centres and the latter possesses two electrophilic centres: would the reac- 
tions occur with the required positional selectivity? 

In phenylhydrazine, the nitrogen atom in the NH, group is more strongly 
nucleophilic than that in the PhNH group, since the unshared electron-pair on the 
latter nitrogen takes part in a delocalized system with the aromatic ring. The NH, 
group will therefore be the first to react. Now, if the leaving group, X, in the 
acetoacetic acid derivative is chlorine, then, since acid chlorides are more reactive 
than ketones towards nucleophiles, the first reaction would occur with the wrong 
chemoselectivity. However, esters are less reactive than ketones towards nucleo- 
philes, so that the desired sequence of reactions would occur if X were OEt. 
Acetoacetic ester is therefore a suitable starting material and the sequence of 
reactions is 


. yj \ : ] 
pO conkt +  PhNHNH> HO. N. CO2Et JEIOH ae 
ie) 


Other disconnections can, and should, be explored. However, as readers can 
discover for themselves, no alternative emerges which has the simplicity of the 
synthesis above. 

Retrosynthetic analysis is aided by applying the concept of synthetic equivalents. 
For example, ethylene oxide is a synthetic equivalent for the structural unit 
— CH,CH,0OH, since it can be transformed into this unit by reaction with a 
Grignard reagent, 
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(@) + 
RMgBr + J eK OMG BF pul a7 OH 


Cyanide ion is a synthetic equivalent for —CO,H and — CH,NH, 


hydrolysi RCOH 


tal RCH)NH> 


and, especially in heterocyclic synthesis, for aromatic amino groups, as the follow- 
ing disconnections show: 


NH» NH New 
Z N 
po rs i eae Os 
H)N~ SN“ OH HN NSO H)N~ ~NH, 
HO. COzEt Q CO,Et Q CO,Et 
{ \ — =>. 
go NH: OT NH si 
© 
Sis on Aco. 
CN 


(c) Properties of heterocyclic compounds 


The properties of the heterocyclic compounds whose syntheses are outlined in 
this chapter will not be described in detail. The non-aromatic compounds have 
properties closely related to their acyclic analogues, e.g. piperidine behaves like 
an acyclic secondary amine, being a moderately strong base (pK 11.2; cf. diethy- 
lamine, 11.1) and a reactive nucleophile; pyrrolidine is similar. The properties 
of those aromatic compounds which contain two heteroatoms can be generally 
inferred from those of benzenoid and simpler heterocyclic compounds (discussed 
in chapters 11 and 12). For example, pyrazole is derived from pyrrole by sub- 
stitution of —-N== for —CH=, just as pyridine is derived from benzene; and 
the chemistries of pyrazole and pyrrole are related in very much the same way as 
those of pyridine and benzene. The following are broad outlines of the relevant 
chemistry. 
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(i) Basicity of heterocyclic nitrogen. 


ee / \ 


SZ 
a 


Lr cy 


N S 
H H ” 
pK ca. 0.4 5.2 25 72 21 14 06 
pyrrole pyridine pyrazole imidazole pyridazine —_ pyrimidine pyrazine 


Pyrrole is an extremely weak base because protonation destroys the aromatic 
system and is accompanied by a significant loss of aromatic stabilization energy 
(p. 39). This is not so for pyridine, which is nevertheless a weaker base than 
aliphatic amines because the nitrogen atom is sp?-hybridized (p. 49). Both pyra- 
zole and imidazole are more strongly basic at the pyridine-like nitrogen than at 
the pyrrole-like nitrogen, imidazole being a stronger base than pyridine for the 
same reason that an amidine is a stronger base than an amine: namely, that the 
conjugate acid is a delocalized cation (p. 49). 


N ‘ HN 
Oo = GW - GD 
H H H 


Both pyrazole and imidazole, like pyrrole (p. 49), are weakly acidic. 
The weaker basicity of each of the three diazines compared with pyridine 
derives from the electron-attracting capacity of nitrogen relative to carbon. 


(ii) Reactions at the nucleus. Pyridine is much less reactive towards electro- 
philes than benzene and in the same way the electron-attracting —-N== reduces 
the reactivity of pyrazole and imidazole compared with that of pyrrole. Both 
compounds readily undergo reactions such as halogenation but only imidazole 
reacts (as its conjugate base) with the weaker electrophile benzenediazonium ion. 
Pyrazole reacts predominantly at the 4-position, imidazole at the 2-position. 

Just as furan and thiophen are less reactive than pyrrole towards electrophiles, 
so oxazole, isoxazole, thiazole, and isothiazole are less reactive than pyrazole and 
imidazole, being slightly less reactive than benzene. 

The three six-membered diazines are related to pyridine as pyridine is to 
benzene. Each is even more deactivated than pyridine towards electrophiles, 
being essentially inert. The reactivity is increased by the incorporation of electron- 
releasing groups, e.g. a hydroxyl or amino group in the 2-, 4-, or 6-position of 
pyrimidine enables reaction to occur at the 5-position (e.g. p..719) 


H E 
N7 et N7~ = E -Ht N~ 
Lt Se ee ee eile 
N~~NH, N7SNH, N~~NH, 


Conversely, the diazines are strongly activated towards nucleophiles, at each 
carbon in pyridazine and pyrazine and at all save the 5-position in pyrimidine. 
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Methyl substituents in these positions are powerfully activated towards acid- or 
base-catalyzed reaction and halogen atoms are activated towards nucleophilic 
displacement (p. 399). 

Pyrrole and indole give Grignard reagents with an alkylmagnesium halide which 
can be used to introduce electrophiles at the 2- and 3-positions, respectively 
(p. 189). N-Substituted pyrroles and indoles, and also compounds containing 
pyridine-type nitrogen, oxygen, or sulfur can be metallated at the 2-position with 
butyllithium, again enabling electrophiles to be introduced, e.g. 


! 
Me 


N N “LiCl 


Y 1) Buli Y 
x 3) H x 
OH 
X= NR, 0, S 
Y=CH,N 


(iii) Tautomeric equilibria. The hydroxy derivatives of the six-membered aro- 
matic nitrogen heterocycles exist in equilibrium with keto tautomers, except for 
those compounds in which the hydroxyl group is in a 3-position. For 2- and 4- 
hydroxypyridine, equilibrium favours the keto form (K ~ 10°): 


& Cho - GL 
sf H N O uz Oo 
H H 


N7~O 
OH oO oO 
SS S 
S-o-Q 
N N N 
H H 


This situation is in strong contrast to that for phenol, where the keto tautomer is 
undetectable, the reason being that in this case the keto tautomers are themselves 
aromatic, as shown by the Kekulé representations above, and the resulting 
stabilization energy serves to make the pyridone the more strongly bonded 
tautomer. 

This is also the case in the 2- and 4-hydroxypyrimidines, e.g. 


OH re) 
“y HN .y 
Ky Ky a 

H 


~ 2 parts ~1 part 
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21.2 
Five-membered 
rings containing 
one heteroatom 


The same tautomeric possibilities apply to the corresponding amino derivatives, 
but equilibrium favours the amino over the imino form, possibly because the 
involvement of the amino group’s unshared pair of electrons in the m-system, 


CL CL 
N7 NH, NSH, 


stabilizes the amino form relative to its tautomer more strongly than the cor- 
responding interaction in the hydroxy compounds (nitrogen having a greater +M 
effect than oxygen). 


(a) Pyrroles 


Pyrrole itself may be extracted from coal tar and bone oil by distillation, so that 
its syntheses are relatively unimportant. It has been prepared industrially by 
passing acetylene and ammonia through a red-hot tube and by passing furan, 
ammonia, and steam over hot alumina. It has been made in the laboratory by 
distillation of the ammonium salt of mucic acid (HO,C—(CHOH),—CO,H). It 
is also produced by the distillation of succinimide over zinc dust: 


oA ko 2+ LY 
H H 


Substituted pyrroles are usually made by combining two aliphatic fragments in 
one of two ways, represented skeletally as follows: 


C-C C-C Cc Cc 
/ Ay — t \ —_-— f ry 
Cc 


c Cc Cc, 
N C. 


Retrosynthetic analysis can be helpfully applied to planning individual syn- 
theses. For example, the recognition that the pyrrole (1) could be derived from its 
non-aromatic tautomer (2) by a 1,5-prototropic shift leads to the disconnection: 


Me Me Me oO Me 
\ - ae @ 
TH, N Me NH, oF Me 


(1) (2) (3) (4) 


A scheme to connect the two components is clear: reaction of the amino group in 
(3) with the keto group in (4), and aldol-type reaction of the keto group in (3) 
with the activated CH, group in (4), either acid-catalyzed via the enol or base- 
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catalyzed via the enolate. However, further thought reveals a difficulty: (4) is only 
feebly enolic and weakly activated to base, and self-condensation of the amino- 
ketone might occur in preference to the mixed reaction (as it does). A better 
possibility might be to employ acetoacetic ester in place of (4), relying on the 
much more strongly enolic character of the keto-ester to promote the mixed 
reaction (as it does, with mild acid catalysis). After reaction, the ester group can 
be removed by hydrolysis and —- making use of the strong reactivity of pyrroles to 
electrophiles — protodecarboxylation: 


Me. _CO.H Me NO Me 
+ O07 ? nH 
my + Ff cos 
N° ~Me NZ) Me n~ Me 
H H H 


One further inference comes from this analysis: since the amino-ketone might 
self-condense before introduction of the B-keto-ester, it might be wisest to form it 
in situ (as is usually done). 


(1) The Paal-Knorr synthesis. A 1,4-dicarbonyl compound is treated with 
ammonia or a primary amine. Successive reactions of the nucleophilic nitrogen at 
the carbonyl groups are followed by dehydration, which occurs readily because 
the product is aromatic: 


RR RR 
0 0 wat 
Rwuu.R ‘ HR 
WH R 
‘ 
RR R R 
Ho) on 2,0. ae 
R~ “N° R R7 *y7 ~R 
i] 
R' ae 


The reaction is limited by the availability of the dicarbonyl compounds. Those 
which are symmetrical may be obtained by reaction between the appropriate pB- 
keto-ester and iodine (p. 239) and others can be made by treatment of furans with 
lead tetraacetate followed by hydrolysis and reduction: 


R R -Pb(OAc)2 
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Analogous methods are used in the synthesis of furans (p. 692) and thiophens 
(p. 693). 


(2) The Knorr synthesis. This is the most important route to pyrroles. The 
principle was outlined above: an a-amino-ketone is reacted with a ketone con- 


taining an activated a-methylene group in acetic acid solution, 
R* R" R' oO 
The = how uke 
R" [e) R" OH HN R 


R" R' R" R' 


i < +0 pac 
R wae R ——— R" N R 
O NH, H 


where R” is a group such as ester that promotes rapid acid-catalyzed enolization. 
The a-amino-ketone is usually prepared from a B-keto-ester and an alkyl nitrite 
(p. 320), followed by reduction, usually in situ, with sodium dithionite or zinc and 
acetic acid, e.g. 


NO 
R E10" R 
Yee + RONO —~ COZEt 
.@) 0 
NOH NH» 


= Root 28204, BA Noone 
6) fe) 


If the ester group is not required in the final product, the benzyl ester is 
employed, hydrogenolysis and decarboxylation then occurring in the reduction 
step: 

NOH NH2 NH 


R Na2S204 R -CO2 R 
y/7 “eor6tsPh ae tt +7 ood ao W 
fe) 


ie) ce) 


(3) The Hantzsch synthesis. A B-keto-ester is treated with an a-chloro-ketone 
in the presence of ammonia: 


R R R 
YY COsEt 4 NH, = 20, YO “Cone =~  7>C0,6t 
Oo NH 


NH, 
EtO2C . 
2 RN. Cor Et0,c. OR 
eo se Fe = 
NH, R'~ ‘oO R7 SN Np: 


H 
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Et0,c. | R" E0,c oR" EtO,c. R" 
: +H,0 
fae. aoa pac, aaa pac . 
H H H 


Precautions must be taken to prevent the chloro-ketone combining with the f- 
keto-ester to give a furan (p. 692). 


Porphyrins. Porphin, which contains four pyrrole units joined across their 2- 
positions by —-CH= fragments, 


porphin 


is the parent of the porphyrins, a group of naturally occurring compounds which 
includes haemin (in, e.g. haemoglobin) and chlorophyll. The porphyrin skeleton 
is usually constructed from four individual pyrroles by first bringing these units 
together in pairs to give two dipyrrylmethenes and then joining the pairs. The 
following are three of the methods for synthesizing dipyrrylmethenes. 

(1) A pyrrole 2-aldehyde is treated with a second pyrrole which must possess 
a free 2-position, in the presence of hydrogen bromide. The acid increases the 
reactivity of the aldehydic group towards nucleophiles (i.e. its reactivity as an 
electrophile), and the success of the reaction depends on the great reactivity of 
pyrroles at the 2-position towards electrophiles. The final dehydration occurs 
readily because the product is an effectively delocalized cation.* 


i \ FES ete’ HE ES HO, 
Ov® OX 
H Goh oH H 


O OH4 H 
{ \ ne \ 
NOONZSAS - 
H H H H 


The required aldehydic group is readily introduced into the 2-position by Gat- 
termann formylation (p. 371). 

(2) Preparation of the 2-aldehyde as in method (1) may be by-passed if a 
symmetrical dipyrryimethene is required. A pyrrole is treated with formic acid 


*The delocalization in the cation makes dipyrrylmethenes quite strong bases, analogous to amidines 
(p. 49) and in contrast to pyrroles themselves. For simplicity, other substituents are not shown in this 
and the two following general reaction schemes. 
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in the presence of hydrogen bromide, leading to successive reactions of Friedel- 
Crafts type: 


pe, at ah ete 
& yh Co cNon = & cro 
H H 


Oy 
N 
H 


—_ dipyrrylmethene cation 
as above ery 


(3) A 2-methylpyrrole containing a free 5-position is treated with bromine. A 
benzylic-type bromide is formed by one of the pyrrole units and this reacts at 
the 5-position of the second pyrrole in the Friedel-Crafts manner. Nuclear- 
bromination also occurs. 


= Br- 
eS , Me a oH ie 
H H H H 
The coupling of two dipyrrylmethenes to give a porphyrin is usually accom- 
plished by heating a 2-methyl-derivative with a 2-bromo-derivative in sulfuric acid 
at about 200°C. Although the yields are low (less than 5%), the route is an 
attractive one to such complex products because the starting materials are readily 


available. 
- = 
NH HN= 
oe = \ -H* Me Br 
NH HN= Br Br 
Mé Vv Ly y-NH HN? 


ame F 
Sequence — bein 
2-3% 
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(b) Indoles 


The indole (2:3-benzopyrrole) system occurs in the essential a-amino acid trypto- 
phan, in the plant alkaloids which owe their biogenetic origin to tryptophan (e.g. 
reserpine, section 22.1), and in indigo and Tyrian purple, two dyestuffs obtained 
from natural sources. Of the many methods of synthesis which have been devel- 
oped, six are of particular importance. 


(1) The Fischer synthesis. The phenylthydrazone of an aldehyde or ketone 
is heated with an acid catalyst such as boron trifluoride, zinc chloride, or poly- 
phosphoric acid. The reaction is analogous to the benzidine rearrangement 
(p. 453); the fourth step is an example of a [3,3]-sigmatropic rearrangement. 


R R R 
Ro, VA ai . 

OLY “OR £ Ces 

N° N°’ N° 

H H H 

R' U R' 

mai 

Nai R Z R 

J Wi _—_ + =— | + 

Sy NH nue aa is 


H 
R' R' 
— een -H*, -NH3 ea> 
H H 


For example, acetophenone phenylhydrazone (R = Ph, R’ = H), treated with 
zinc chloride at 170°C, gives 2-phenylindole in up to 80% yield [3] and yields 
are usually of this order. However, the reaction fails with acetaldehyde phenyl- 
hydrazone (R,R’ = H), so that indole itself must be made indirectly. A simple 
method is to carry out the Fischer reaction on the phenylhydrazone of pyruvic 
acid (R = COH, R’ = H) and to decarboxylate the resulting indole-2-carboxylic 
acid thermally. 

Substituents on the phenyl ring of the hydrazone influence the regiochemistry 
of the [3,3]-rearrangement. For example, electron-releasing meta-substituents give 
mainly 6-substituted indoles (i.e. para ring closure) whereas electron-attracting 
substituents give mainly 4-substituted indoles (i.e. ortho ring closure). 


(2) The Madelung synthesis. An o-acylaminotoluene is treated with a base 
such as potassium t-butoxide or LDA. The probable mechanism is as follows: 


Me 
Ro _Megco Cie Ce we Cm 
Crh, wrX8 “s : 
H 


H 
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Yields are low, for decarbonylation of the starting material also occurs. 
(3) The Bischler synthesis. An a-hydroxy- or a-halo-ketone is treated with an 
arylamine in the presence of acid. The probable mechanism is: 


R' Rr 
nA ac 
R 2 ArNH> aa 
a a oe ra 
Cl ArNH 


a P 
H.N* UR 

OE me Oe — 

NZS R i 


(4) The Reissert synthesis. An o-nitrotoluene is reacted with diethyl! oxalate in 
the presence of a base. The nitro group of the resulting a-keto-ester is reduced to 
amino and cyclization then occurs spontaneously. The ester substituent in the 
indole may be removed, if required, by hydrolysis and thermal decarboxylation. 


Me Boe CO,Et 
CX + Et0,C-CO,Et > Cry 20- ACOH 
NO, NO 


2 


COE a 
Orr HO CI)-co: 
NH3 N 


(5) The Gassman synthesis. An N-chloroaniline and a B-keto-sulfide form a 
sulfonium salt the ylide from which undergoes a [3,3]-sigmatropic rearrangement 
followed by ring closure. Desulfurization yields the indole: 


O 
R R' 
CX SMe, oem EtN 
aS i -EtsNH" CIT 
NH nome et 
H 


Cl 
oO R' SMe R' SMe 
: H R R 
Ons,” 
d + —_—_ re) = oO 
NS*Me NH NH» 


- 
#0 ees Raney Ni eae 
N N 
H 
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(6) The Nenitzescu synthesis. 5-Hydroxyindoles can be obtained from 
p-benzoquinones. The first intermediate is oxidized by further benzoquinone to 


one which cyclizes; the quinol formed in this reaction reduces the cyclized product 
to the indole, e.g. 


Ur CO2Me : 
HO. NN R 
oxidation 
Ve «=~ “Soe 
‘NH, OH 
CO2Me CO.Me CO2Me 


1) R ie) HO 
naa -H20 ce R reduction \ R 
NH, =N N 
c H 


(c) Isoindoles 


Isoindole is formed by low-pressure sublimation of the N-acetoxy-compound 
shown at 50-—70°C (cf. pyrolysis of esters; p. 296) and is not very stable. 


H Ht{O 
oe h 
WO cheat as 
TACOn™ 


The most important derivatives of isoindole are the metal complexes of the 
phthalocyanines, used as dyes and pigments. They are prepared by passing 
ammonia into molten phthalic anhydride (cheaply available by the oxidation of 
naphthalene, p. 596) in the presence of a metal, e.g. 


0 
CN 
cn Os 
ee CN 
ce) 


monastro!} fast blue 


Phthalocyanine itself is obtained by acidification of its metal complexes. 
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(d) Furans 


Furan itself is obtained industrially by the catalytic decomposition on a nickel 
catalyst of its 2-aldehyde, furfural. Furfural is readily available from oat husks or 
maize cobs (which contain pentoses), by digestion in dilute mineral acid followed 
by distillation in steam. 


+ 
HO 
OH OH HO HOS oy 
Ho AA “H20, ae 
CHO HO” \7 cHO HO” ~~ >cHO 


OH 


a pentose 


oO. O O 
+H’, -Ho0 CHO -H20 CHO 280° 
HHO) on tO, ‘Cn te 6 | 
HO 


The following are the general methods for synthesizing furans. 


(1) From 1,4-dicarbonyl compounds. Treatment of 1,4-dicarbonyl compounds 
with dehydrating agents such as sulfuric acid, zinc chloride, acetic anhydride, 
and phosphorus pentoxide brings about cyclization and dehydration (cf. the Paal- 
Knorr procedure for pyrroles, p. 685). The reaction is limited by the ease of 
obtaining the dicarbonyl compounds. 


fe) 
R 
oes —= Ps Oi ae —— Oe HOD Saw 
0 00 Ho” “Oo se ae! 


(2) The Feist-Benary synthesis. An a-chloro-ketone is reacted with a B-keto- 
ester in pyridine solution (cf. the Hantzsch synthesis of pyrroles, p. 686). 


EtO,C Col BOX, 


Cl 
| se oe 
Oo RR ‘Oo R~ ~O , oR 
a R 


Et0,C 


R 


(e) Thiophens 


Thiophen itself occurs in the same fraction as benzene in coai-tar distillates. The 
methods for its removal in the purification of benzene are based on its greater 
reactivity towards electrophiles (p. 358): treatment with concentrated sulfuric acid 
gives the water-soluble thiophensulfonic acids, and mercury(11) acetate gives the 
mercury-derivative. It is obtained industrially by the continuous cyclization of 
hydrocarbons such as butane, the butenes, and butadiene over sulfur or sulfur- 
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containing compounds such as pyrites, at temperatures of 500—600°C. Furans 

and pyrroles are converted in moderate yield into their thiophen analogues on 

treatment with hydrogen sulfide on an alumina catalyst at high temperatures. 
The general methods for thiophens are as follows. 


(1) Hinsberg’s procedure. An a-dicarbonyl compound is reacted with a thio- 
ether in which the sulfur atom is adjacent to two activated methylene groups, e.g. 


R R’ 
R R' 


ce) {e) -2H20 paw 
Eto,C C O2Et 


EtO,0~ ~S~ “CO, Et S 


(2) From 1,4-dicarbonyl compounds. 1,4-Dicarbonyl compounds react with 
phosphorus tri- or penta-sulfide, the former usually being the more satisfactory. 
The reaction is analogous to the Paal-Knorr procedure for pyrroles (p. 685). 


00 


There are many variants of this method, of which the following is one example: 
CO,Et CO,Et ail HO —- COE 


) 
a EER } \ 
mr tA th NH g~ NH, 

“SH 


(f) Reduced pyrroles, furans, and thiophens 


These may be made either by the cyclization of an aliphatic compound or, in most 
cases, by reduction of the corresponding aromatic compound. 


(1) Pyrrolidine can be made by reaction between 1,4-butanediol and ammonia 
or by catalytic reduction. Reduction with zinc and acetic acid, however, results in 


1,4-addition of hydrogen: 
i \ Zn- ACOH nal 
(\ ae OO 
H 


N 
H 


N-Substituted pyrroles can be made from a 1,4-dibromobutane with a primary 
amine or by the Hofmann-L6ffler—Freytag reaction (p. 553). 


(2) The furan ring is fairly resistant to reduction unless it is substituted with 
electron-withdrawing groups such as carboxyl; furan itself requires Raney nickel 
at over 80°C for reduction to tetrahydrofuran. Tetrahydrofuran is, however, 
obtained cheaply by reaction between acetylene and formaldehyde followed by 
reduction and dehydrative cyclization (p. 243). 

(3) Reduction of thiophen cannot be brought about catalytically because 
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Five-membered 
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the sulfur atom is removed in the process and poisons the catalyst. Reduction 
with sodium in liquid ammonia containing methanol gives a mixture of di- and 
tetrahydrothiophens: 


S 


Tetrahydrothiophen is best prepared by reaction between 1,4-dichlorobutane 
and sodium sulfide or between 1,4-butanediol and hydrogen sulfide on alumina at 
400°C. 


(a) Pyrazoles 


Few pyrazoles occur naturally, but some of the synthetic derivatives have useful 
properties (e.g. antipyrine). They are prepared from 1,3-dicarbonyl compounds 
and hydrazine, e.g. pyrazole itself can be obtained by treating a malondialdehyde 
diacetal’ with hydrazine in the presence of acid: 


X 
» & 0 ; ( \ 
(MeO),HC~ ~CH(OMe), 2. % oe 4 aeh 
H 


Pyrazolines (partially reduced pyrazoles) are prepared from alkenes and diazoal- 
kanes (p. 278) or from af-unsaturated aldehydes or ketones and hydrazine, e.g. 


CH2=CH, + CHoN2 SEs ZN = r ‘i 


N N 
H 


o-/ — Ho NH = o=/ yy 1 & NH 
ry / 7 Swe 


HoN - NH2 HN HON 


*Nomenclature: oxa, thia, and aza denote the presence of oxygen, sulfur, and nitrogen respectively, 
and, in compounds containing more than one of these substituents, are used in that order. The 
aromatic compounds have the suffix -ole; the partially reduced compounds, -oline, and the fully 
reduced compounds, -olidine. Common names are also used (e.g. imidazole for the isomer of 
pyrazole). 

*Malondialdehyde readily undergoes self-condensation and is used in synthesis in the form of its 
diacetal from which the aldehyde is generated with acid. 
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B-Keto-esters give pyrazolones similarly: 


R R R 
| / < -Ei 
E0,C 0 +8, po “No ce, 
/ “ 
NH N 
HN HN H 


Pyrazolidines (fully reduced pyrazoles) are prepared from 1,3-dihalides and 
hydrazine, e.g. 


a -2 HBr / \ 
Br N NH 
NH. 
HN’? H 


(b) Imidazoles 


Imidazoles occur naturally, the best known being histidine, an a-amino acid 
contained in proteins (p. 324). Imidazole itself is prepared by treating acetaldehyde 
with bromine in ethylene glycol, giving the cyclic acetal of bromoacetaldehyde, 
and treating this with formamide and ammonia: 


(0) 
Brg -(CH2OH)2 2 NH3 ae 


MeCHO —O 


— 
= 


=< —=N N 
H30* a ° a -2 tO [— 2d ak as \ 


NH, O N ; 


a-Hydroxyaldehydes and ketones may replace (the intermediate) aminoacetalde- 
hyde in general applications. 

In a second general procedure, a salt of an a-aminoaldehyde or ketone is 
treated with a hot aqueous solution of potassium thiocyanate, giving a thione 
from which sulfur is removed with Raney nickel: 


R' R' 


R' 
NH, 7 NE os. uy a TNH 
rf ye OCT, 


O N O NH N 


R' 

NH N 

-H2O ee Jo Raney Ni fi Pi ») 
H 


695 


696 PRINCIPLES OF ORGANIC SYNTHESIS 


1,2-Diamines react with carboxylic acids and aldehydes or ketones to give, 
respectively, imidazolines and imidazolidines: 


. a A NH 
NH2 “HO N H,O 
ag se : R' Yr | —~ wp 
NH R OH 
lo HO NH! 
R' R’ R' 
NH, a N NH 
R ce) ae R \-R" . A R" 
NH, \-r" NH, R" : R" 
R 


(c) Isoxazoles 


Isoxazoles and their reduction products are prepared by methods analogous to 
those for pyrazoles and their reduction products, hydrazine being replaced by 
hydroxylamine. 1,3-Dicarbonyl compounds give isoxazoles, 


R’ R' 
. 2H IN 
He RN 
aB-unsaturated aldehydes or ketones give isoxazolines, 
R' R' R' 
— -H20 } oes \ 
© asl i: ae A NH = LN 

2 R O° R 0° 


oy cs -2HBr 
Br ( NH 
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(d) Oxazoles 


The oxazole ring is constructed by heating an a-haloketone with an amide, 


R R 
a NH, 100°C N 
Cl rR “H20, “HCI d MN R 
oO Oo 


or by reductive acetylation of the a-oximino-derivative of a ketone followed by 
dehydrative cyclization in the manner in which furans are formed from 1,4- 
dicarbonyl compounds (p. 691): 


NOH 


R' R' R' 
NH N 
Zn - AcOH / Ac SOCh f 
R 20 ACOH IRD, re a Me aoe I \ 
Ye) re) rT -H20 R O M Me 
Oxazolines may be made from derivatives of B-chloroethylformamide, e.g. 
H NH N 
Pa c OH" CC ut HO, { BY JD Le \ 
cl xe) o .O O~ ~OH fe) 


Their 5-keto-derivatives, the oxazolones or azlactones, prepared by the dehy- 
dration of N-acyl-a-amino acids, are employed in Erlenmeyer’s synthesis of a- 
amino acids (p. 219). Oxazolidines are made from B-hydroxyamines and carbonyl 
compounds, analogously to the preparation of imidazolidines (p. 696). 


(e) lsothiazoles 


Isothiazole has been prepared as follows: 


O,N CHO OoN CHO O2N 
Of 2 “OS. = "OD 
-HBr . 
SBr g¢ Nhe S 
H2N HOC 
reduction Iga: oxidation Nn heat 
s’ Hoes 


HOC 


TS Curtius 7 Sy Dsiazotize [\n 
a rearrangement < 2) deaminate (H3POz2) s’ 
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The sugar-substitute, saccharin, may be regarded as a derivative of isothiazole: 


Oo 

Me CO3H 
a CC. oe 
SO,NH, SO.NH, ‘S 
00 
saccharin 


(f) Thiazoles 


The thiazole nucleus occurs in vitamin B, (thiamine), the penicillins and cephalo- 
sporins (section 22.3), and the synthetic sulfathiazole (a member of the group of 


‘Sulfa’ drugs). 


H 
H 
ys 0 
wT a HN S’ ON 
4 Oo B ” n—< td 
H COH H *‘S 
penicillins sulfathiazole 
NHo Me 
ci” 
N7 N \ 
Asyt 
Me~ ~N S OH 


thiamine chloride 


The important physiological properties of these compounds have stimulated 
interest in thiazole chemistry and three general synthetic routes have becn 


developed. 
(1) The most important method is from thioamides and a-halo-carbonyl com- 
pounds: 
NH NH =e a HN a 
Rv's 2 potsn cl aks 
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(2) From ammonium dithiocarbamates and a-halo-carbonyl compounds: 
O. LR R R 
Mag BO se LS ts 
aly — — / 
ss" “Gi sAs aA us, 
NH} 


(3) From an a-acylamino-carbonyl compound and phosphorus pentasulfide 
(analogously to the formation of thiophens from 1,4-dicarbonyl compounds, 
p. 693): 


NH NH N ax 
oe Rr tee. i a ae nf \-a 8. ee i 
0 Lf S Pil SH Us “ se 


A?-Thiazolines have been prepared from {-amino-thiols, e.g. 


NH NH N 
2 HCO,Et e. are P05 e \ 
-EtOH ‘SH -H20 S 


SH 


and are readily reduced by aluminium amalgam to thiazolidines. Thiazolidine 
itself is usually prepared from 2-aminoethanethiol and formaldehyde (cf. the 
formation of pyrazolidines, p. 695). 


21.4 

Six-membered 

rings containing 
(a) Pyridines one heteroatom 


The pyridine nucleus occurs in a number of plant alkaloids (e.g. nicotine) and in 
two members of the vitamin B group. One of these, pyridoxol, is a component 
of enzymes responsible for transamination and decarboxylation and the other, 
nicotinamide, is a component of enzymes in the electron-transport chain (respir- 
atory enzymes concerned with the utilization of oxygen, see p. 721). Pyridines are 
also products of the distillation of coal-tar and bone oil. 


CH,OH 
o N HOCH, 6 a a a 
Me 
SN > N Me > N 
nicotine pytidoxot nicotinamide 


Whereas the five-membered heterocycles are comparatively reactive towards 
a wide variety of electrophilic reagents (p. 357), so that substituents may be 
introduced into accessible pre-formed rings, pyridines are very unreactive towards 
electrophiles (p. 359) and few nucleophilic reagents are available for introducing 
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substituents. It is therefore usual to synthesize substituted pyridines from aliphatic 
compounds containing the appropriate groups. A number of general routes are 
available, the following being the skeletal types from which the ring is constructed: 


Ae 
ee eG oe . 
Cc. C¢ _ 
N CN CN N 
In addition, pyridines can be made from furans and pyrones. 


(1) From five-carbon units and ammonia. Pyridine itself is formed from gluta- 
conic aldehyde and ammonia: 


MA NH3 A | ‘or -H20 o | 
So OH -H2O0 S NH NOH NH,“O Sy N 


Similarly, primary amines give pyridinium salts and hydroxylamine gives pyridine- 


N-oxide: 
i l RNHp i, NH2OH 
Si -H20 So “on -2H2O 


More generally, 1,5-dicarbonyl compounds and hydroxylamine form pyridines: 


RIAA NH,OH aaa 


fo) fe) HO NH O 
t 
OH 
A 
Rear R R320 | Bont 
HO’ N” ‘on R~ “N“~R 
OH 


(2) From aldehydes or ketones and ammonia. Aldehydes and ketones react 
with ammonia at high temperatures, under pressure, by ammonia-catalyzed aldol 
reactions together with the incorporation of the nitrogen atom of ammonia by 


Michael-type addition, e.g. 


Se Ge ot 
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H OH 


OH 
O 
i QD H,0 re _-H,0, -Hp oO 
nigh NZ SN 


es ONE a 
-2H20 Sy 


The products are usually mixtures which require separation by chromatography or 
distillation; in the above example, 2-methyl-5-ethylpyridine (53%) is the major 
product and 2-methylpyridine the minor one. 

(3) From B-keto-esters, aldehydes, and ammonia: the Hantzsch synthesis. Two 
molecules of a B-keto-ester and one of an aldehyde react in the presence of 
ammonia to give a dihydropyridine which is then dehydrogenated, usually with 
nitric acid. The aldehyde reacts with one molecule of the B-keto-ester, under the 
influence of ammonia or an added base, and ammonia itself reacts with the 
second molecule of the B-keto-ester; the two resulting units are then joined by a 
Michael-type addition followed by ring closure: 


RCH 
RCHO + eS ae Et —NHs a CO2Et 
2 10 2 
O oO 
CO,Et 
R’ 3 R . 
ee yO coet = a 
re) NH NH, 
RH 


re RCH. _CO,Et E10,C CO,Et 
/ a ~ a = 
Ri“ NH, 07 SR’ A'S NH OH 

ie 


R 
oe acer ee io oGe 
NH,“R’ *7*N7SR 
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For example, acetoacetic ester, formaldehyde, and ammonia, in the presence of 
diethylamine, give a dihydropyridine which, after oxidation with nitric acid, 
hydrolysis, and decarboxylation, gives 2,6-lutidine (2,6-dimethylpyridine) in 65% 
yield [2]: 


HoH 


EtO.C COZEt 
EtpNH 2' Py 
5 coe + HCHO + NH3 eat rx 
ce) 


Me N Me 
H 


1) HNO3 S 
2) OH™ | 
3) CaO Me N7~ Me 


(4) From 1,3-dienes. Some pyridines are synthesized industrially by four- 
centre reactions between a 1,3-diene and a nitrile in the gas phase, e.g. 


i CN 340°C | el Ss, OF 
G N7 cn N* cn 


Cycloadducts of cyclopentadienones and nitriles spontaneously eliminate carbon 
monoxide, e.g. 


oO 
Ph Ph 
En Ph Ph Ph 
tro Rasn PMS Rr co, a 
N 
Ph Ph" pd S 


(5) From furans and pyrones. Furans containing 2-carbonyl substituents react 
with ammonia to give pyridines, e.g. 


Me Me 2Me 
OH 
re) es 
SS 
N* “Me 


2-Pyrones also give pyridines with ammonia, e.g. 


EtO,C Et0,C Et0,C 
CL NH3 Ce 2 Ce 
J 
oO” *O ‘OH (e) 


NH, NH> 
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EtO,C EtO.C 
oe ee 
Sn-No N~ SO 


H 


Pyridines are converted into their N-oxides with hydrogen peroxide in acetic 
acid and are catalytically reduced to piperidines over nickel at 200°C. Piperidines 
are also available by the cyclization of pentamethylene-containing compounds, 
e.g. pentamethylenediamine dihydrochloride gives piperidine on being heated (p. 
304) and pentamethylene dichloride and a primary amine give an N-substituted 
piperidine. 


(6) Quinolines 


The quinoline nucleus is contained in several groups of alkaloids (e.g. quinine), in 
a number of synthetic materials with important physiological properties such as 
the antimalarial plasmoquin, in the cyanine dyes (p. 261), and in the analytical 
reagent, oxine (8-hydroxyquinoline). 


S ~S 
Z Z 
N N 
NN oi 
MeO 
quinine plasmoquin oxine 


The nucleus is usually formed in one of two ways: 


ion 
Gl ¢ Skraup, Débner-von Miller, and Conrad-Limpach syntheses 
Cc 


Cc 
Ge Cc Friedlaender and Ptitzinger syntheses 
c 
N 


(1) The Skraup synthesis. In the simplest case, aniline, glycerol, nitrobenzene, 
iron() sulfate, and sulfuric acid are mixed and gently heated. A vigorous exo- 
thermic reaction occurs which is completed by further heating. After removal of 
the residual nitrobenzene by distillation in steam, quinoline is Jiberated from the 
reaction mixture by basification and is isolated by steam-distillation. The yield of 
purified product is 84-91% [1]. 

The reaction involves dehydration of glycerol to propenal, Michael-type ad- 
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dition of aniline to propenal, acid-catalyzed cyclization, and dehydrogenation by 
nitrobenzene. Iron(i1) sulfate acts to moderate the reaction. Propenal itself is not 
employed because of its tendency to polymerize; the success of the reaction 
depends on the rapid addition of aniline to the propenal as it is formed. 


+ 
OH fo) 
OH |? ‘ | r 
H2SO, H a 
Hoon HO yo + C1 me 
PhivH, HM 
OH OH 
j- 
) H* -H20 ‘S 
a : 
N N N 
H H H 


PhNO> S 
-Ho N Za 


The synthesis is of wide application. The aniline may contain nuclear substitu- 
ents: ortho- and para-substituted anilines give 8- and 6-substituted quinolines, 
respectively, and meta-substituted anilines give mixtures of 5- and 7-substituted 
quinolines, the latter predominating with activating substituents such as methoxyl 
and the former predominating with deactivating substituents such as nitro. Pro- 
penal (as glycerol) may be replaced by 2-butenal giving 2-methylquinolines, and 
by butenone, giving 4-methylquinolines. 

(2) The Débner—von Miller synthesis. This is very similar to the Skraup 
method, the differences being that the three-carbon fragment is formed in situ by 
an acid-catalyzed aldol reaction and that no dehydrogenating agent is added. The 
oxidative step is thought to be brought about by hydride-transfer to the imine 
which is formed by reaction between the aniline and the aldehyde or ketone, e.g. 


2 MeCHO a Meo 
“TQ! 


+ 
ri f OH 
On, @ Ol. & Oct 
NH, Me N° “Me N° “Me 
H H 


PhN 
-H20 S 4 }> -PhNHEt OO. 
NY’ “Me A 
2 Me eae 


quinaldine 
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(3) The Conrad-Limpach synthesis. 8-Keto-esters react with anilines in each 
of two ways: at low temperatures reaction occurs at the keto-group to give an 
imine, and at high temperatures reaction occurs at the ester group to give an 
amide. The resulting compounds can each be cyclized to quinolines, e.g. 


oO 
EtO.C. 
<100 °C CL 7 260°C | 
-H2O i 
2 NZ Me EtOH N Me 
H 


hot 
-EtOH 7 


(4) The Friedlaender synthesis. An o-aminobenzaldehyde is treated with an 
aldehyde or ketone in a basic medium; formation of the imine is followed by 
dehydrative cyclization: 


cane = /OLC] = OK 
NH, O7>R N7™R 
The main problem in this synthesis is that o-aminobenzaldehydes are very un- 
stable, readily undergoing self-condensation. One way of overcoming this is to 
start instead with an o-nitrobenzaldehyde: acid- or base-catalyzed reaction gives 


an intermediate which cyclizes spontaneously on reduction (cf. the Reissert indole 
synthesis, p. 690), e.g.* 


a aus Me tier Ci “Lo ent L ke 
NO, ot we NO, Me Me 
aS eel 

N*~Me 


(5) The Pfitzinger synthesis. This modification of Friedlaender’s method 
employs isatin in place of o-aminobenzaldehyde. Reaction with base gives o- 


*With Aor alkali, the first-formed aldol product undergoes a series of transformations leading to 
indigo. 
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aminobenzoylformate ton which reacts with an aldehyde or ketone to give a 4- 
carboxyquinoline from which the carboxyl group can be removed thermally: 


O CO3 CO.H 


R' 
-H20, -QH™ i 
i NH N 


R 


(c) Isoquinolines 


The isoquinoline ring occurs in a large number of alkaloids, the synthesis of one 
of which, papaverine, is outlined below (p. 707). The general synthetic routes to 
isoquinolines involve the following skeletal types: 


Cy, 
= 8 Cc Bischler-Napieraiski and Pictet-Spengler syntheses 
N 


Cc, c 
Ch ‘ Pomeranz-Fritsch synthesis 
N 
Cc 
Cy c 
Schiittler-Miller synthesis 
om x 


(1) The Bischler~Napieralski synthesis. A B-arylethylamine* is converted into 
an amide which is cyclized with an acidic reagent such as phosphorus oxychloride. 
Dehydrogenation of the product, usually with palladium on charcoal, gives the 
quinoline. Yields are normally of the order of 90%. 


Cr RCOCI oe aoe \ + 
NH, “HCI NH NH 
R-\ ~K 


* These compounds are readily obtained from aromatic aldehydes by base-catalyzed reaction with 
nitromethane followed by reduction: AtCHO — ArCH==CHNO, — ArCH,CH,NH2. 
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_ClgP(Q)OH S 
ZN 
R 


A synthesis of papaverine is based on the Bischler—Napieralski procedure: 


MeO 
1 HCHO - HCI 
MeO 


~ 


MeO. 
e' ‘ea. 
eO SX 
1) HCI 
2) PCls 


oo 
Hp Ni ase: 
wees 


MeO. MeO NN 
An Sart en A) P205 Ce 
MeO fe) 2) Pd - Been MeO 
OMe i: OMe 


OMe OMe 
papaverine 


(2) The Pictet-Spengler synthesis. A B-arylethylamine is treated with an alde- 
hyde in the presence of dilute acid; ring closure occurs by a reaction of Mannich 
type and the tetrahydroisoquinoline is dehydrogenated on palladium. 


+ 
RCHO ae , 
NH, —-H20 ZN a 
R 


R 


(3) The Pomeranz- Fritsch synthesis. The acetal of an a-aminoaldehyde (pre- 
pared from the corresponding chloro-compound with ammonia at 0°C) is treated 
with an aromatic aldehyde or ketone to give the imine which is then cyclized with 
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acid. (The acetal is employed because of the instability of aminoaldehydes, which 
undergo self-condensation.) 


+ 
EtO OEt ec Yaa " 
4 -H20 %\ H3,0° N 
N N 
\e) NH, Zs Zs 
R R R 
OH 
Ht +20 a 
ZN A N 
R R 


Yields are usually not greater than 50%, and are lower with aromatic ketones 
than with aromatic aldehydes. 

(4) The Schlittler-Miller synthesis. A similar approach is adopted but, by 
avoiding the inefficient step involving reaction between an aromatic ketone and 
an amine, yields are improved. 


_NHZOH eduction 
R R 


R 
EtO O€t 
* 
(Et0),HC~ So = H,0* igs 
-H2O N ZN 
R R 

OH 

* Za OEt KMnOg OH OEt Pb(OAc)4 oy 
OEt OEt OEt 


(ad) Pyrans, pyrones, and pyrylium salts 


Although there can be no uncharged oxygen analogue of pyridine, six-membered 
heterocyclic compounds containing oxygen are well known and many occur nat- 
urally. The simplest compounds, 2- and 4-pyran, have not themselves been pre- 
pared, although simple derivatives can be synthesized, e.g. 


Leon 28 soothed 
HO,C~ OO’ ~CO,H = HO HO,C~ ~O~ ~CO3H 
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(i) Pyrones. 2-Pyrones can be obtained by treating malic acid and its deriva- 
tives with concentrated sulfuric acid; decarbonylation of the a-hydroxyacid* is 
followed by cyclization, e.g. 


pas Oo OH 
CO,H —_HxSOx cOH == ~ CO H 
HOZC “CO, -Hz0 We . a . 


oO ie) OH 


, 
HOC Ho,c_ ,l . HOC 
n. 
on COH S6-No 


wou SONS 
ae | 
o~So 


4-Pyrone can be obtained by way of chelidonic acid, which also occurs naturally: 


° fe) 
ony cy a or 
CO,Et CO,Et oe E10,07 9 0” “CO, Et 
CO,Et CO,Et 
fe) fe) 
HO,C~ ~O~ *CO,H re) 


(ii) Dihydropyrans. A*-Dihydropyran' can be obtained by the acid-catalyzed 
rearrangement of tetrahydrofurfury! alcohol over alumina at 270°C: 


* This is a general reaction of a-hydroxy-acids, 


fe) 
Vyerrs 2206. HS POL bn, ae + CO + H,0* 
ee i 
OH ( 

He fo) 


"This compound is used as a protecting agent for alcohols. Reaction with the alcohol in the presence 
of anhydrous acid gives an acetal from which the alcohol may be regenerated with mineral acid (see 
p. 89): 

H 


9 = (oF -O,* O-- 
6 oO” ~OR O 
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“Ht | 
AkOs ONS: + ee @ 
C \ on —e Manos 67 o 


ce) 


Reduction of the dihydropyran gives the tetrahydro-derivative, used as a solvent. 
The sugars, in their six-membered cyclic form, are derivatives of tetrahydropyran 


(pyranoses): 
CH,OH 
C) e. NEA Hoon 
oO OH 
B-D-glucose 


tetrahydropyran 


The formation and transformations of pyrones are controlled by subtle effects 
which are illustrated by reactions of the dehydroacetic acid system: 


Oo 
Et COMe 
— F oe NaHCO (200°C) ee ee 
O2Et 
Me re) CO2Et (1) Me oO c 2' 
re) oO 
COMe COMe ‘ COMe 
Eto" f EtOH -H | 
2 
or CO2Et 12-7 Me~ ~o7 So Me ore O2E! 
oO oO 
CO CO,Et 
2! 
(3) | Me =o | | 
Me~ ~O~ ~OH Me~ ~O~ ~Me 
° Me OH Me OH 
as ‘i oN se pe oe) 
Et CcO.Et 
Mao CO, (4) Me~So CO,Et Me” ~o “~2 
H H 
Me OH Me 
EtO.C HO2C 
-EtOH r 1) hydrolysis ss fl S 
2) -H20 
Me Oo” *O Me Oo” *O 


isodehydroacetic acid 


(1) The Claisen condensation takes precedence over the aldol reaction (on to 
the keto group) because the product of the former reaction is removed from 
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equilibrium as a strongly resonance-stabilized anion; cf. the reaction between 
acetone and ethyl acetate, p. 229. 

(2) This anion reacts intramolecularly with the ester group through oxygen 
rather than through (the more usual) carbon because the latter would lead to 
a strained four-membered ring, cf. the reaction of acetoacetic ester with 1,3- 
dibromopropane, p. 239. 

(3) Ethanolysis of the lactone is followed by acid-catalyzed formation of a 
hemiacetal and dehydration. 

(4) Acid-catalyzed self-condensation of acetoacetic ester occurs on the car- 
bonyl group because this is more reactive towards nucleophiles than the ester 
group and the driving force mentioned in (1) is absent. 


(iii) Benzopyrones. Two of the three benzopyrones, coumarin and chromone, 
are notable. Coumarin, which occurs naturally (e.g. in clover), has been syn- 
thesized by the Perkin reaction, 


CHO oO 2 S 
AcO 
poe == Ce 


OH 


-H20 O O 


coumarin 


and by the von Pechmann reaction from phenol, malic acid, and concentrated 
sulfuric acid, 


OH 
HO2C 12504 — 
@ er CO, 40 HO,C”~ ~CHO 
+ 
OH OH 
re 


ie Si 
Fy. 
Sy COH opeOH oo 


The latter reaction may also be applied to B-keto-esters. 

Chromone is the parent member of a group of plant colouring pigments, the 
flavones (2-arylchromones), which are found both free and as glycosides. Three 
general synthetic routes are available. 


(1) From salicylic acid derivatives: 


CO2Me Me. Ar — Meo- Ht 
+ a -MeOH O 
OMe OMe~Ar 
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Oo 0 


Oe! = OL 
‘OH “Ar QO” “Ar 


(2) From o-hydroxyacetophenones and aromatic acid anhydrides: 


fe) 

Me Ar. (e) Ar a 
Ci an. CX ko 
OH Oo Oo OH Ar 


#2. ear 
fe) ‘Ar 


(3) From o-hydroxyacetophenones and aromatic aldehydes. The synthesis of 
quercetin is illustrative: 


MeO O MeO O 
‘career esate 
M 
MeO on tt ome *?° Meo O & ous 
H 
OMe OMe 
OMe O 


2) hydrolysis 
MeO (e) Me 


: OMe 
OMe 


quercetin 


(iv) Pyrylium salts. Salts of the type R30* X™ are normally unstable and can- 
not be isolated unless X~ is an especially stable (non-nucleophilic) anion such as 
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BF, .* However, the oxonium salts derived by oxidation of the pyran nucleus are 
comparatively stable because the cation possesses aromatic stabilization energy 
which is lost when an anion bonds covalently to it. The parent member of the 
series, the pyrylium ion, is formed by acidification of the sodium salt of glutaconic 
aldehyde at low temperatures: 


ute ee J 
‘o So peo are o “6H 
H 


SS -HoO S = 
O° “OH 2 
pyrylium perchlorate 


The glycosides of a number of 2-arylbenzopyrylium salts occur naturally as 
plant colouring matters, the anthocyanins. 

The parent salts, the anthocyanidins, are synthesized from salicylaldehydes and 
acetophenones by an acid-catalyzed aldol reaction followed by ring closure in 
ethyl acetate solution: 


CHO Meer ds SS 
. oO -H20 fe) 
OH fe) 


H Ph 
Crk Ph HCI/ EtOAc iB ci" 
eee ore tz 
07 ‘on Ph 
For example, cyanidin chloride has been prepared as follows: 
OH OH OCOPh 
CHO CHO 
HCN - HCI Phcoc! 
(Gattermann reaction) 
HO OH HO OH HO OH 
gr COCHeLl OH 
OH 
ICH POCh 
(Fries “(Fries rearrangement) 
COCH,CI 


* For example, (CH3);0' BF, is a crystalline solid [6] which is a powerful alkylating agent; it can be 
used to methylate weakly nucleophilic species such as amides. 
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OMe OMe 
OMe . OMe 
MeoSO4 Aco 
COCH,C! COCH,OAc 
OCOPh ,scO OCOPh 
CHO S 

O OME HEL, 25. Lc 

HO OH #0, AcOH -AcOH HO 


OMe 
OMe — 
OMe 


OH 
1)OH™ ie = Si 
2) HCI 67 le 
under nitrogen HO 0 ce 
OMe 
cyanidin chloride 


In the formation of the anthocyanins themselves, it is necessary to introduce the 
sugar units before the acid-catalyzed reaction. Glucose is introduced by the 
reaction of tetraacetyl-a-bromoglucose with the appropriate hydroxyl group: 


CH,OH CH.ORC 
H O AcoO - ZnClz (0 °C AcO 
OH OAc 
CH,OAc CH,OAc 
HBr - AcOH AcO O ROH AcO 6) 
AcO AcO OR 
AcO! OAc 
Br 


The remainder of the synthesis is an adaptation of that for the anthocyanidins, 
e.g. 


CHzOAc CH,OAe 


“eo AcO 
mo AcO “oe 
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CH2O0Ac (@) yi fe) 
AcO f°) AcO 
eo Ho Ch 8 OAc 
AcO AcO 
Br OAc OAc 
B 
H7(OA 
oe 7(OAc)4 


oO, 
HCI/ EtOAc CgH7(OAc), 
AO A een see OAc 
HO 
OAc 
OGI 
1) KOH C) WOE! 
2) HCI + 
) HO 57 OH 
cl" c OH 
cyanin chloride 
(GI == B-glycosidyl) 
21.5 
Six-membered 
rings containing 
two 
(a) Pyrimidines heteroatoms 


Of the three isomeric analogues of benzene which possess two nitrogen atoms 
(pyridazine, pyrimidine, and pyrazine), pyrimidine and its derivatives are by far 
the most important. Both the ribonucleic acids and the deoxyribonucleic acids 
contain cytosine (2-hydroxy-4-aminopyrimidine), the former group contains uracil 
(2,4-dihydroxypyrimidine), and the latter group contains thymine (2,4-dihydroxy- 
5-methylpyrimidine). The heterocycles are linked through their 1-nitrogen atoms 
to ribose and deoxyribose, the hydroxypyrimidines being in their tautomeric -one 
forms. 


NH, 

y HN HN Me 
oF Nn oN oF Nn 
H H H 


cytosine uracil thymine 


716 PRINCIPLES OF ORGANIC SYNTHESIS 


The full structure of the nucleic acids is as follows: 


where X==OH (ribonucleic acids) or X ==H (deoxyribonucleic acids) and B!, 
B’, etc. are heterocyclic bases which comprise the three pyrimidines mentioned 
above and two purines (adenine and guanine, p. 721). 

In addition, vitamin B, (p. 717) contains a pyrimidine ring as do barbituric acid 
(2,4,6-trihydroxypyrimidine) and several of its derivatives (e.g. veronal) which are 


used as hypnotics. 
oO oO 
Et 
HN HN Et 
Bogs ae 
O* ~N* ~OH fe) fe) 
H 


barbituric acid veronal 


The pyrimidine ring is usually constructed by a base-catalyzed reaction between 
a 1,3-dicarbonyl or related compound and an amidine or related compound: 


x 
NH “~ E107 ‘Dl 
——a i 
A o7y natn Y 


R~ ~NH, 


There is a wide range of possibilities: the 2-substituent, R, can be H, NH2, OH, 
or SH, by the use of formamidine, guanidine, urea, or thiourea, respectively; and 
X and Y can be H, OH, or NH) by the use of aldehyde, ester, or nitrile 
substituents. For example, 2,4-diamino-6-hydroxypyrimidine is obtained in about 
80% yield from guanidine and ethyl cyanoacetate [4] 


THE SYNTHESIS OF HETEROCYCLIC COMPOUNDS 


NH> 
a. ie. SS ge 
AIO) U 
HN ~ ~NH, CO,Et non? OH 


and barbituric acid is obtained in 79% yield from urea and malonic ester [2] 


re) 
NH, — EtO.C 


OH 
*) = HN _. ‘el 
Fe; CO,Et . on of HonZ OH 


A variant of this approach utilizes Michael-type addition to an aB-unsaturated 
ester, e.g. 


oO 
an, FOP Et0,C 
pte | ue): -EtOH pe 
M 
oO” "NH2 2 O7~N~~Me 07 ~N~~Me 
H H 
Oo 
oxidation HN 
on Me 
H 


Vitamin B, (thiamine) is a pyrimidine derivative which has been synthesized as 
follows (for the synthesis of the thiazole unit, see p. 698): 


+ - 
NH, Ci 
EtO,C. UA OEt + HCOsEt Et07 Ree OEt Me” “NH, 
CHO 
OH cl NH» 
‘Sau PCI, ye NN 08 
Met NZ MeenZ ee Me NZ 
NH, ue NH, Br Me 
S aa nS N 
HB N Br 
ae A se oh F Lo 
Me~ —-N Me~ ~N S OH 
thiamine bromide 


“The 2-, 4-, and 6-positions of pyrimidines are strongly activated towards nucleophiles, even more so 
than those in pyridines, see p. 682. 
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(b) Pyridazines 


The ring system is built up from an unsaturated 1,4-dicarbonyl compound and 


hydrazine, e.g. 
bol : ‘ie 
-2H,0 
.e) om rR —— NA Ay R' 


(c) Pyrazines 


The pyrazine system occurs naturally (e.g. in aspergillic acid, an antibiotic) and 
has been incorporated in a number of synthetic drugs, such as sulfapyrazine (a 
Sulfa drug) and chlorocyclizine (an antihistamine). 


Me 
j N 

“ Cre (3 

| ~ S N 

St N N 
a Ge a ol 
1 Ph 
ion NH, 
Cl 


aspergillic acid sulfapyrazine chlorocyclizine 


The ring is usually constructed by the spontaneous self-condensation of a- 
aminocarbonyl compounds followed by aerial oxidation: 


R. UNH, O._CR' RUN R' R. UN. CUR’ 

or ae a = ar 
~ pares SS 

R'~SO H.N~ ~R R'~<N“~R R'“SN“*R 


The a-aminoketones are usually prepared in situ by the reduction of a-ketooximes 


formed by nitrosation of ketones (p. 320). 
This method is not suitable for pyrazine itself, for aminoacetaldehyde readily 
polymerizes. A convenient synthesis is from ethylene oxide and ethylenediamine: 


H H 

HN N N ZN 
sD coal Pe Oe cece OP ea 
H2N HO~H,N N N 


Reduced pyrazines can be made by Diels-Alder reactions, e.g. 


C y-COeEt C yoCO2kt 
‘ N pe me Se 
SS ~CO,Et 


E10,C~ 
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(d) Pteridines 
The pteridine nucleus occurs in the pterins (the pigments of butterfly wings) such 


as xanthopterin, and in folic acid (a growth factor) and vitamin B, (riboflavin) 
(see also flavin adenine dinucleotide, p. 721). 


OH O 

N. OH 
Of oe 
Sy Z H 


xanthopterin folic acid 


© COH 
N CO.H 


A general synthesis of pteridines, illustrated by that of the parent member, 
is from a 4,5-diaminopyrimidine and an a-dicarbonyl compound. The former 
compounds are readily available from 4-aminopyrimidines by nitrosation followed 
by reduction*. 


Z\_NHe 
Ce 1) NaNOg - Ht Ll _OHC-CHO_ rt 
yor ae NH,SH -2 “2HO0. e) 
) NHg Sy NH, 2 
pteridine 


A modification of this method gives tetrahydropteridines, as in a synthesis of 
folic acid: 


3) Oi 4 2 
NoHo nn {7 econ 
HN Ne ORC BE tes cee sae 
a | + eee «elec “20 
> Br H2N N H 


HoN~ SN~ ~NH, 


@ se COR 


oO 
ban kt ays 
_oxidation with with 

en N7 


Prototropic “prototropic shift 
folic acid: R= Sn COjH 


*The unshared electron-pair on the amino-nitrogen of a 2- or 4-aminopyrimidine is delocalized over 
the nucleus and particularly on to the nuclear nitrogens. Diazotization consequently does not occur 
but the nucleus is activated towards electrophiles, in this case the nitrosating species. 
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Riboflavin has been synthesized as follows: 


OH OH 
OH OH ore 
Me NH, et.” Xe 
OH Me NH OH 
+ YT tert 
Me O OH 
Me 
D-ribose 
OH OH 
wn 
7 Me NH OH 
on-{_\-n; CX NapSzO4 
2N = ey 
(1) Me N* Tk 
NO, 
OH OH OH OH 
; OH u 5 JOH 
OV NUO 
~ a n4 
Me NH OH oA MH Me N. UN7ZO 
KX pews 
fe) 
Me NH, (2) Me Pes 
fo) 
riboflavin 


(1) The amino group activates the ortho position to diazonium coupling; 


p. 682. 
(2) The pyrazine ring could be formed in either of two ways. Only this path 
enables two molecules of water to be eliminated and this may provide the 


necessary driving force. The reagent is alloxan: 


re) fe) 
0) 
HN PhCHO HN F~Ph C103 HN 
H20 
07 ~N~ Oo oN oO on “N" *O 
H H H 
barbituric acid alloxan 


(e) Purines 


The purine system occurs widely in nature. Two purines, adenine and guanine, 
are constituents of the nucleic acids (p. 716); adenine is a component of coenzymes I 
and II (the so-called phosphopyridine nucleotides), of flavin adenine dinucleotide 
and of the adenosine phosphates (section 22.2). Caffeine, theophylline, and 


NH 
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theobromine are physiologically active constituents of coffee, cocoa, and tea and 


uric acid is the end-product of nitrogen metabolism in many animals. 
ie) 
ae "L'S 
H.N~ SN~~N 
H 


H 
adenine 


guanine 


N 
oO 
| I 
ees sec ra 


NN? 
1s in ie) 
oO Oo @G 


OH OH 


adenosine triphosphate 


0. 


wo} 
tol ee N 


OH OR 
ReH: 


coenzyme | 


(diphosphopyridine nucleotide) 
R= P(OH)2 : coenzyme Il (triphosphopyridine nucleotide) 
ie} 


flavin adenine dinucleotide 


O 
. O i H 
“N 
ae 
07 ~N N 
Me 


HN N 
ote Geo. 
O7~N7 ~N 
H 


H 
uric acid 
R = R' = Me: caffeine 
R = Me, A’ = H: theophylline 
R =H, R' = Me: theobromine 


Purines are usually synthesized by Traube’s method in which a 4,5-diaminopyrim- 
idine is treated with formic acid or, better, sodium dithioformate. 4,5-Diaminopy- 
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rimidines are themselves obtained from 4-aminopyrimidines by nitrosation 
followed by reduction (p. 671) or via diazonium coupling of activated methylene 
compounds (p. 422) followed by cyclization and reduction. Typical examples are: 


oO O 
NH 
NH EtO,C HN yt HN . 
a a aia ela 
H)N~ ~NH CN H.N~ ~N~ ~NHp ‘ H.N~ ~N~ NH 
oO H Oo 
N. heat th 
HCOH HN CHO scchien ook HN N 
H20 > -H20 = | ») 
HoN~ ~N“~NH, HoN~ SN~~N 
H 
guanine 
NH, NH, 
Ns. Ph NH. 
NH NC s,,-Ph N~ ~N* ‘ o 2 
- tHl- Ni N 
iis Ae Cle ae ¢ 
NH, CN N7 * NH, N” ~NH» 
NH, H NH2 
Rem N 
S” Nat N7 “CHS boil N an 
-NaSH ~ HS le |» 
N~ ~NH 


adenine 


8-Hydroxypurines such as uric acid are made by using ethyl chloroformate in 
place of formic acid: 


re) oO 4 Oi 
NH» Ny N 

wn l CICOzEt a. COZEt igo% = =HN T =o 
O7 N~NH, 07 ~N~ NH, = of NON 
H H H 4H 


uric acid 


Uric acid is used as the starting material for other purines, e.g. 


H 


Oy 
Me. M 
HN " 2 Mel N N 
0S I irs OR 
a ae ONG 
H Me 
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Me I 
. N 
H N 
oe 4 
an a 
Me 
theophyiline 


21.6 
Six-membered 
rings containing 
three 

1,3,5-Triazine is obtained by the thermal or base-catalyzed polymerization of heteroatoms 

formamidine hydrochloride, and is very easily hydrolyzed by acids to formic acid 

and ammonia. Its best-known derivative, cyanuric chloride, obtained by the 

vapour-phase polymerization of cyanogen chloride, is an important intermediate 

in the dyestuffs industry. Its chlorine atoms are very easily displaced by nucleo- 

philes (cf. p. 400), so that a chromophoric system can be attached to the molecule 

and the whole can then be attached to the cellulose of the fibre by reaction at the 

latter’s hydroxyl groups, e.g. 


cl 
SOsH on NH, ate 
nz" ig i 
+ —_—— 
ae cl Swf 
HOS SOH 


replaced by reaction with 
N~-N RO™ (ROH = cellulose) 


The dyestuffs (Procion dyes) are consequently tightly bound to the fibre and, in 
particular, have considerable wet-fastness. 

Melamine (2,4,6-triamino-1,3,5-triazine) can be made by treating cyanuric 
chloride with ammonia, 


cl Nie 
wan 3.NHg N* N 
one -3 HCI <3 
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but a cheaper industrial method involves the thermal decomposition of urea. The 
polymers derived from melamine and formaldehyde are used, for example, for 
plastic vessels and tableware and as electrical insulators. 
1,3,5-Trinitrohexahydro-1,3,5-triazine, made by nitrating hexamethylenetetra- 
mine (p. 307), is an important high explosive (Cyclonite, or RDX). 
1,2,3-Triazines can be made by the rearrangement of cyclopropeny! azides, 


R R R 
AM N ‘ 
R N a 
Cnt —- Re ASN N 
N N SN 
R R R 


or by the oxidation of N-aminopyrazoles with nickel peroxide in a mixture of 
dichloromethane and acetic acid, 


R 
R R 
R 
pat NiO» oN 
R -N SUN 
8 R~ SN’ 


Only the latter method can be used for the parent compound (R==H). The 
mechanism of oxidation is unknown. 

1,2,4-Triazines. Amidrazones, from nitriles with sodium hydrazide followed by 
hydrolysis, react with a-dicarbonyl compounds to give 1,2,4-triazines: 


RN Na 
YY 


RCN Na* NHNHp/ Et,O H20 
HN saa 
NH, 
Oy UR’ R. UN, _UR 
ae ae 2 H20 i L 
— Ns 
a ~NH, oO” ~R' N° *R' 


Problems 1. Classify the types of heteroaromatic compound which may be synthesized 
from acetoacetic ester. What structural variant would be introduced in those 
reactions in which an af-unsaturated ester can replace acetoacetic ester? 


2. Annotate the steps in the syntheses of (a) papaverine (p. 707), (6) quercetin 
(p. 712), (c) cyanidin chloride (p. 714). 


3. Account for the following: 
(i) Pyrrole is both more acidic and less basic than pyrrolidine. 
(ii) Pyridine is less basic than piperidine. 
(iii) Imidazole is both more acidic than pyrrole and more basic than 
pyridine. 


4, 
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How would you carry out the following transformations? 


8 Cre os ~~ Cr 


(it) 


z 3 
\_T 
2 2 


(iii) res 
Cl - ok 
NH NH Me 


hannan 
a Harmala alkaloid 
iv 
"OO = Ort 
N N Me 
t 
H Me 
(+)-hygrine 
(a coca alkaloid) 
Se 2s Ilex, 
ea 
N Me N 
H 
{+)-coniine 
(a hemlock alkaloid) 


Complete the schemes outlined below by inserting the reagents and the 
intermediates which have been omitted: 


(i) Synthesis of plasmoquin (an antimalarial): 
EtNH 9 = BINT. eee ENS 
Br 
A 
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MeO. NN 


HN 5 esi NEt, 


plasmoquin 


(ii) Synthesis of nicotine (a tobacco alkaloid): 


I B 
a ae oy 
Sy ase Sy Sn Me 


(4)-nicotine 


(iii) Synthesis of biotin (vitamin H, a growth substance): 


H Bie 
COzH Ph N_ ~CO2Me Ph NH O 
so ae a US 
NH, [@) 3~~ C OMe S 
cysteine 


Lak ye 
are NH HN Me HN NH 
Ss CO2Me Ss CO2H 
biotin 


(iv) Synthesis of pyridoxol (vitamin Beg): 


OEt OEt OH 
ZN HN ZN ON HOV oH 
9 —- x | —_ ~ | KS 
Me* N° ~OH Me~ N° “Cl Me~ N 
pyridoxol 


6. Outline syntheses of the following compounds from readily available materials: 


(e) 


(g) 


() 


(k) 


(m) 


(0) 


(q) 


(s) 
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(f) Me 
fl 9 
HO” ~N* 
Ph 
(h) Q Me O 
“1 
Me~ SN* ~Me 
(/) Me 


Me 
(n) Me 
O a 
} oc 
Me S$ Me 
(p) NHe 
N~ 
eat OH 
H 
(r) cy é 
N* “Oo 
H 
(2) OH 
N7-N 
are 
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22.1 
Reserpine 


The syntheses of some 
naturally occurring 
compounds 


At one time, the total synthesis of a compound represented the essential ultimate 
proof of its structure. This is no longer so; physical techniques such as nuclear 
magnetic resonance spectroscopy and X-ray crystallography can supply proof 
of structure in a much shorter time. Nevertheless, the synthesis of naturally 
occurring compounds remains a vigorously pursued field, for two reasons. First, 
some materials can be obtained from natural sources only in such small quantity 
or with such difficulty that synthesis can provide cheaper and more abundant ma- 
terial. This is of especial importance if the compound has valuable pharmaceutical 
properties. Moreover, the total synthesis will usually give precursors of the natural 
compound from which related structures can be synthesized and this also can be 
of value in the pharmaceutical field since the structural variants may be associated 
with different or more powerful biological properties. Second, natural product 
synthesis is a most fruitful source of new synthetic methods: a particular step in 
the sequence may lead to the development of a new and general method for its 
successful completion. 

The following syntheses have been selected on the basis that each product 
is of biological importance and that they illustrate the application of a wide 
variety of regio- and stereoselective methods, many of which are still under- 


going development. 


Reserpine is found, with other alkaloids, in the roots of the plant genus Rauwolfia. 
It has useful tranquillizing properties and is used in the treatment of some mental 
disorders and for the reduction of hypertension. It was synthesized by R. B. 
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Woodward et al. (J. Amer. Chem. Soc., 1956, 78, 2023; Tetrahedron, 1958, 2, 1). 
The strategy was based on building five contiguous stereocentres into a decalin 
derivative which could be opened to a monocyclic compound that would form ring 
E, as the following retrosynthetic analysis shows: 


nies 


- Ok 
MeQ2C 


gC: 
i 


MeQ,C CHO 


MeO.C ¥ “OAc 
OMe 


The synthesis is as follows: 


ce) OH 
S 
NaBH, PhCOQ20H 
oH a 3 o ¢ 
H 
oO COQoH Q CO H QO COH 
OH .e) 
““Q) —_AggO - NaOAc ( 8Xco}%0 AWOPr)g 
- d st @ my 
‘OH 
CO.H oO 
ce) 9) 10) Oo 
N-bromosuccinimide 
-H20 _MeO"- MeOH _ MeOH we 
f 
O, 
Br.,, : OH 
" Zn - ACOH 
fe) “OMe ’ O EY “OMe 
oO CO2H 
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nay 
1) CHON. : 
, Acx0 / pyridine HO. ~~ OAc 1) HIO, OHC OAc 
3) OsO4 2) CH2No és 
k t MeO, “OMe 
CO2Me 
NH 
meoA TS : ae LYS? Nw a 
H No abiig 
m H | a 
Me 
MeO.C : OAc 
OMe 
N MeO 
ee ae 1) POCls 
2) NaBH, 


1) resolve 
2) NaOH 
3) HCI 


4) dicyctohexyl carbodiimide 


MeO 
p 


Me3CCO2H 
q 
1) MeO” - MeOH 
és OMe 
1 
2) OMe 
MeO Pe 
OMe 7 
t 
MeO 
O 
fe) OMe 
MeO.C o i. 
e OMe 
reserpine 


a 
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A Dicls—Alder reaction. The stereochemical principles governing this re- 
action (p. 272) lead to the ring junction having cis stereochemistry and the 
carboxyl group lying on the same side as the rings with respect to the ring 
junction (i.e. reaction is represented as in (é) rather than as in (i)). 


(i) f°) 

4 

O COH 0  COH 
(ii) fe) Oo H 

y = 
Se 
HA BY 
O COH 0 COH 


This step fixes the stereochemistry at Cys, Cyg and Cy of reserpine. The 
remainder of the synthesis concerns the stereochemistry at C,7, Cig and 
C;. (For clarity, the cis-hydrogens at the ring junction are omitted in the 
remaining diagrams.) 

Sodium borohydride reduces the less hindered of the two carbonyl groups. 
The nucleophile attacks from the less hindered a side. 

The peroxyacid reacts more rapidly with the isolated double bond than with 
the carbonyl-conjugated double bond. Attack is from the less hindered a side. 
If the epoxide were opened at this stage by reaction with, e.g. acetate ion, the 
product would be a diaxial diol-derivative having the wrong stereochemistry 
for ring E in reserpine: 


a (on 
fe) 
A 
HO é Hore 
AcO™ 
io) COH O — €O5H 


Several transformations are therefore effected to produce the diol-derivative 
with the required stereochemistry. 

Almost all the reactant in this step has the conformation in which both the 
hydroxyl and the carboxyl groups are equatorial since the conformer in which 
these groups are axial contains strong steric compressions, but only the latter 
conformer can undergo dehydration to form a lactone. This reaction therefore 
has the effect of changing the conformation of the system; in particular, the 
epoxide becomes axial at C,7 and equatorial at C,,*: 


* This transformation is more readily understood with the aid of molecular models. 
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oO 
iy HO,C, Ti a0 Le 
Hem 
HO i <i ¥ e 8 a 
mes 
re) oO 
e) CO.H 


Meerwein—Ponndorf-Verley reduction converts the keto group into hydroxyl 
(p. 654). The resulting nucleophilic oxygen displaces on the carbonyl of the 
six-membered lactone ring, giving a five-membered lactone, and the hydroxyl 
group so released brings about opening of the epoxide ring: 


oO ~*~ 
on 


os 
SOs ten 
& ‘a 

oO” O 

aA a 

ao ma 
“OH 
O 
. re) 


Dehydration, involving elimination of the axial hydroxyl group and formation 
of an af-unsaturated carbonyl-derivative, occurs readily. 

The C=C bond is activated towards nucleophiles by the conjugated carbonyl 
group. Methoxide ion approaches from the less hindered a-side, so that the 
resulting —-OCH; substituent is in the axial position at C,7. Ring E now has 
the correct stereochemistry. 

N-Bromosuccinimide in acid is an ionic brominating agent. Approach from 
the a-side as usual gives a bromonium ion which is opened by water to give 
the diaxial bromo-alcohol: 


H29 
re) + O Br 36 
vA Oo Oo 
OMe OMe OMe 


Mild oxidation of the secondary alcohol. 
Zinc in acetic acid brings about the reductive opening of both the lactone and 


the strained ether: 


Zn: S 2H 
oe oe i ee 
Go CO3 CO2H 


{e) 


| 


OH 


[* 
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("Oo 
Zn: a ee en dain 2 Reig mone Pott 


All the substituents in ring E are now able to adopt equatorial conformations: 


tel - aff 


The carboxyl group is esterified by diazomethane (which does not react with 
the alcoholic group), the alcoholic group is acetylated, and the 1,2-diol is 
formed with osmium tetroxide (p. 591). 

Treatment with periodate cleaves ring D and one carbon atom is lost as 
formic acid (p. 617) (later to be replaced, with ring closure, by nitrogen in 
step n). The new carboxyl group is then esterified with diazomethane. 
6-Methoxytryptamine may be prepared as follows: 


NMe, 
1 
Ny 4 CHO + HNMe) he wees wae 
MeO N 
m H 
Ee NH> 
N _ N 
MeO H MeO H 


Indoles are very reactive towards electrophiles, particularly at the 3-position, 
so that the Mannich reaction can be effected (p. 261). The quaternized 
benzyl-type system is susceptible to nucleophilic displacement by cyanide ion 
(p. 265) and the final reduction is a standard procedure for nitriles (p. 659). 
The tryptamine reacts readily with the aldehydic group in benzene solution. 
Reduction of the imine gives an amine and the resulting nucleophilic nitrogen 
displaces intramolecularly on the ester to close ring D. 

Phosphorus oxychloride brings about ring closure as in the Bischler- 
Napieralski synthesis of isoquinolines (p. 706), giving an immonium salt 
which is then reduced with sodium borohydride: 


* The intermediates resulting from steps /—n were not isolated. 


733 


734 PRINCIPLES OF ORGANIC SYNTHESIS 


MeO 
NaBH 
th. Be 


The borohydride attacks from the a-side, so that the product has the wrong 
stereochemistry at C3; for reserpine. The remaining steps are concerned with 
correcting this and introducing the aroyl substituent at Cy,. 

p Treatment with base followed by acid removes the acetyl group (Cig) and 
hydrolyzes the methyl ester (Cig). The freed hydroxyl and carboxyl groups 
are then joined to give a lactone, using dicyclohexyl carbodiimide, which 
increases the susceptibility of the acid to nucleophilic attack by the alcohol 
(p. 338). Lactonization occurs through the conformer in which the carboxyl 
and hydroxyl groups are axial: 


10) 


ms OH 
HO,C ° 
Sas -H20) 
HO,C oH = aad a 
i OMe OMe 


q_ The result of the preceding step is that the molecule is now less stable than 
the stereoisomer obtained by altering the configuration of the hydrogen at 
C;.* Equilibration of the two isomers thercfore yields almost entirely the 
product with the stereochemistry required for reserpine at this centre. The 
equilibrating agent chosen was trimethylacetic acid because of its suitable 
boiling-point and the fact that it is too weak a nucleophile to open the lactone 
ring. Interconversion presumably occurs through protonation (activated by 
the pyrrole nitrogen) and deprotonation: 


H H 
Tres = Os = (SS 
ae A te = 
Na Ny + v4 
Mae ve NYA i 


*The steric compressions which are responsible for this can best be seen by constructing molecular 
models. 
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H 
Ht { N~ +H pats 
— +y cereus 
N N 
He H of H H / 
r The lactone ring is opened with methanol, and the molecule then reverts to 
the more stable conformation in which the three substituents on ring E 
are equatorial. Finally, the aroyl residue is introduced at Cy, with 3,4,5- 
trimethoxybenzoyl chloride. 
22.2 
Adenosine 
NH, triphosphate 
OH oy oN 
HO. 0.90. 1,0 A hud 
« & & fo) 
o 0 0 
OH OH 


adenosine triphosphate 


Adenosine occurs naturally in a variety of derived forms each of which performs 
important functions. 


(1) Adenosine triphosphate, ATP (above), acts in conjunction with its diphos- 
phate, ADP, as a reversible phosphorylating couple and energy store. For 
example, it is concerned with the supply of energy for muscular contraction. 

(2) Coenzyme A, a derivative of the vitamin pantothenic acid, is involved, 
inter alia, in the biological formation and oxidation of fatty acids and in the 
decarboxylation of a-keto-acids. 

(3) §S-Adenosyl-t-methionine is concerned with the biological transfer of 
methyl groups. 

(4) Adenosine is a component of the ribonucleic acids (p. 716), di- and 
triphosphopyridine nucleotides (p. 721), and flavin adenine dinucleotide (p. 721). 


NH, 
9 OMe Me OH OH Cys 
le ie 
io! y 
Hs_ A,X, Speer s NN 
H HOH ra) 
Oo OH 
HO-P-OH 
coenzyme A 6 


The main problems in the synthesis of adenosine and its derivatives involve 
attaching the sugar, ensuring that the sugar is in the stereochemically correct 
form, and selectively phosphorylating a sensitive molecule. The first approach was 
to attach the sugar before closing the five-membered ring of the purine but it was 
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NH, 

N > 

N 

HOC s CA 
ee 4 N7 SN 


NH, 
OH OH 
S-adenosyl-L-methionine 
later found to be far more efficient to attach the sugar to the completed purine. 
The latter synthesis is described. 


(1) Preparation of the appropriate sugar derivative from p-ribose (A. R. Todd 
et al., J. Chem. Soc., 1947, 1052). 


CHO CHO 
H—-L-oH HoH Phsc-° 
H OH PhgCCt H OH oes “ 
H—-1-OH . HOH 
OH OCPh, OH OH 
D-ribose 
HO AcO. Cl 
1) AczO fe) 1) AczO Oo 
2) Hy-Pd 2) HCI/ Etz0 
2 OAc 
AcO OAc AcO OAc 
§-chloro-2,3,5-triacetyl- 
D-ribofuranose 


a Triphenylmethyl chloride reacts only with the primary alcoholic group 
(p. 645). This ensures that the sugar adopts the furanose ring-system rather 
than the pyranose system. 

6b After acetylation of the remaining hydroxyl groups, the triphenylmethyl 
group is removed by hydrogenolysis (p. 645). 

c  Snz2 reaction, with inversion of configuration, occurs readily at the carbon 
next to the ring-oxygen (cf. the reactivity of a-chloro-ethers, p. 108). 


(2) Complete synthesis of adenosine from uric acid (p. 722) (A. R. Todd et al., 
J. Chem. Soc., 1948, 967). 


OH cl NH> 


N > N SN NH: N Sn 
Ho io. fot. civ sé se a re 
N n7hou ¢ : nAo, : = nv 


uric acid 
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NH> ss 
N > 
oe cv || Bu é Sy 
AcO. N7 SN7 Ne} HO NAN a 
O 1) hydrolysis O 
ze ORG 2) Hp - Pd - BaSOy 
f 
AcO OAc 7 OH OH 


adenosine 


d The hydroxyl groups behave differently from those in phenol in being re- 
placed by chlorine with phosphorus oxychloride (p. 648). 

e The chlorine atoms are all activated towards nucleophilic displacement by the 
heterocyclic nitrogen atoms (p. 400) but careful treatment leads only to the 
replacement of the 6-substituent. 

f The chloro-furanoside gives the B-furanosidyl-derivative of the purine, pre- 
sumably as a result of the formation of an acetoxonium ion (p. 440) followed 
by an Sy2 reaction with inversion: 


os 
NH ete 
AcO AcO ( AcO. Se 
re) oy 6) H oO 


eS (o 
AcO 4 AcO ae AcO OAc 


g Hydrolysis of the acetyl groups, followed by hydrogenolysis of the C—Cl 
bonds on palladium, gives adenosine. 


(3) Adenosine triphosphate (A. R. Todd et al., J. Chem. Soc., 1947, 648; 
1949, 582). The phosphorylating agent, dibenzyl chlorophosphonate, is prepared 
by the chlorination of dibenzyl phosphite in carbon tetrachloride: 


2PhCHOH + = HsPO3_ —= HP (OCHPh)2 ce CI-P (OCH2Ph)2 
fe) e) 


HO ~N N Pa HO. ~N N a“ 
fe) Me.CO-H* oO CI-PO(OCH;Ph)2 
h i 
OH OH oO. 0 


adenosine = 
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Ph 
No = Ho 
PhO. 1 0 N71) Fb-Pd HO_ }-O N 
“ (e) 2) 0.1N-H2SO,4 tt (@) 
Oo g j = O 
ie OH OH 
adenosine monophosphate 
(45% from adenosine) 
Ph Ph 
Mo — oe = 
PhO. 30 3 NZ Ag’ “Oo, !0 ta 
ce) 1)0.02N-HS0, 9 
2) AgNO ClLPO(OCH,Ph)» 
2 4 k OH OH noe 
Ph Ph 
Ce OH OH 
aes HO, 1 LO. 

Ph__o, 10. JO 7 a o_| 

cae ag O 6 
6 re) He -Pd 
me OH OH 
OH OH 
adenosine diphosphate 
N 
n 
le 

U fi Ph Ph Ph 
ie) Oo — 

“oo. JO NZ Mo Oo ~O ee 
poe O Ph__0.! 0. to. $0 N 
6 0 1) AgNOs ee ae ae » 

Lae 2) CLPO(OCH2Ph)2 o oO 0 
s . OH OH 
PhCH, 4 
UN 
1) Hp-Pd OH ie ab om 
x ~N 

2) Ba(OH), HO. tO. 5-O- pO en 

3) acridine " ” 6 
p ie) 0) 

OH OH 


adenosine triphosphate 
{as its acridinium sat) 
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h The 2- and 3-hydroxyl groups of the furanose ring are protected against 
phosphorylation by formation of the ketal, the establishment of a cyclic ketal 
from acetone being selective for cis-1,2-diols (p. 90). 

i Phosphorylation is effected at a low temperature; pyridine is used as solvent 
to remove the hydrogen chloride. 

j The benzyl groups are removed by catalytic hydrogenolysis (p. 644) and the 
ketal is hydrolyzed with dilute sulfuric acid. Removal of the acid as barium 
sulfate allows the monophosphate to crystallize out. 

k The dibenzy! phosphate is hydrolyzed under very mild conditions to remove 
the isopropylidene group and, at the same time, one of the two benzyl 
groups. After removal of the acid as barium sulfate, the product is dissolved 
in alkali and precipitated as its silver salt. 

l Phosphorylation in anhydrous acetic acid gives a resinous product which may 
be converted into both the di- and triphosphates. 

m_ Hydrogenolysis, followed by purification of adenosine diphosphate as its 
acridinium salt. 

n_ It was found that the tribenzyl ester can be selectively debenzylated with N- 
methylmorpholine. 

o The product, isolated as its silver salt, is phosphorylated in a mixture of 
acetonitrile and phenol. 

p The four benzyl groups are removed by hydrogenolysis and the product is 
precipitated as its barium salt, liberated with sulfuric acid, and isolated as its 
acridinium salt. 


(a) Penicillins 
H 
H 
a hae 
H™ if 
ce) Bs 
H COjH 


There are at least five naturally occurring penicillins, each based on the same 
structural nucleus (a B-lactam fused to a thiazolidine). They are produced from 
the mould Penicillium notatum, different strains of which produce different 
penicillins. The synthesis of penicillin V (R is PhOCH),) is described below. 
Other penicillins contain R as CH,CH,»CH=CHCH,(F), PhCH,(G), and I-hepty] 
(K). The penicillins owe their importance to their powerful effect on various 
pathogenic organisms. 

The main difficulty in synthesizing the penicillins is to close the B-lactam ring in 
conditions which do not disrupt the rest of the sensitive molecule. This was 
overcome by the carbodiimide method (also widely used for making peptide 
bonds, p. 338). The synthetic strategy employed by J. C. Sheehan and K. R. 


22.3 
Penicillins and 
cephalosporins 
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Henery-Logan for penicillin V (J. Amer. Chem. Soc., 1959, 81, 3089) is shown by 
the following disconnections: 


i 
R~ >x 
a oe 
Pe +S HM 
Hq" => = 
3 és 
ro) ys roe YS 
fo) A Fon, 
H CO.H HN—/ 
H COjH 


HS 
=> 
ROC CHO HoN exe) oH 
H 


The synthesis is as follows: 


(1) (+)-Penicillamine 


CO.H HO.C O oO 
NH, CEHCOC aa N pe so Dek HS 


H pa 
(£)-valine 
HO.C, 
aN “a HO2C Pa 1) HCI COH 
s\ ane 2) pyridine 
2 5 Se a sn serene +4 NH, 


sH H SH 


(+)-penicillamine 


a Acylation. The —-COCI group is more reactive towards nucleophiles than 


—CH,Cl. 
b Acetic anhydride induces dehydrative cyclization and this is accompanied by 
the elimination of hydrogen chloride and a prototropic shift: 


HO.C 0 HO,C OH 


en Ac2O 
ae N pe. >= Yow 07 
H 
H q mt i 
Ly er a og: 
Ain se = 
Cl 


c The azlactone is cleaved by hydrogen sulfide and the resulting thiol cyclizes via 
Michael-type addition to the af-unsaturated acid: 
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fe) Or» COH 
™~ 
= Oo COR: «2S pe 


a a. 
N=lsHe i st 


d_ The thiazoline ring is opened with boiling water. 

e The N-acetyl group is removed by acid hydrolysis followed by basification. 
(+)-Penicillamine may be resolved by formylation (HCO2H), separation of 
the diastereomers formed with brucine, and hydrolysis (HCI followed by 
pyridine). 


(2) Penicillin V 


CICH,CO,CMe, HCOzEt - NH" 
a b 
oA ,-S0 OAy7S0 


N. 
K 
Me,CO,C 
CI7HAN728H 1) Noy 
3" COOH o”y7S0 2) HCI 
o n~ 0 c AL a 
mS 
ree Me3CO2C Fin a 
HCOH 
0 
] 
HN 4, 1) PhO >“ PRO A 
B EtN O = 
5 2S 
Meyco,c- § Q)HCICHCle Hoc AY 
as e HN / 
HCO,H H CO,H 
1) KOH iH H 
oe PhO —S. 
a, Ee 
t Oo % 
H CO; Kt 
penicillin V 


a_ Gabriel’s synthesis (p. 303). 
b A crossed Claisen condensation, standard procedure for the formylation of 
activated methylene groups (p. 230). 
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c Reaction with penicillamine hydrochloride occurs at room temperature in 
sodium acetate buffer: 


—_—_ 
SM 
N 


‘ HO, HS, 
n~ 0 liao 


HS % 
,.. N~\'CO,H 
ee hee Be H 


H.N~ Y'CO2H 
H 
Brvee ‘7 
H 
S 
Me,CO2C 
Hon ny 
H COH 


As expected, a mixture of diastereomers is obtained, since two asymmetric 
carbon atoms are generated in steps b and c. However, only two of the four 
possible isomers are formed in significant amounts, of which the one required, 


oAy*o 
H 
Mesc0.0-T4-8 
HuN 

H CO,H 


is the minor component. The major isomer is its epimer with the alternative 
configuration at the ester-substituted carbon and, since the C—H bond there 
is weakly acidic, the two can be equilibrated by boiling in pyridine under 
hydrogen. The required isomer is still the minor component but, after its 
removal from the mixture, equilibration and isolation can be repeated on the 
remainder until an acceptable yield is obtained. 

d_ The phthalimido group must be removed in conditions which do not cleave the 
t-butyl ester. This is achieved with hydrazine at 13°C for 3 hours and then at 
room temperature for 1 day, followed by treatment with HCl in acetic acid. 

e Acylation of the amino group in the presence of triethylamine is carried out at 
25°C so that the thiazolidine ring is not opened. The t-butyl ester is then 
hydrolyzed by treatment with hydrogen chloride in dichloromethane at 0°C. 

f The potassium salt is cyclized with dicyclohexyl carbodiimide (p. 338), giving 
the potassium penicillinate. Penicillin V can be extracted after acidification 
with phosphoric acid, and it crystallizes from aqueous solution at pH 6-8. It 
may be purified by counter-current extraction. 
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(b) Cephalosporins 


The success of the penicillins as antibiotics led to a search for related compounds, 
especially ones with a broader range of activity and which would be less easily 
defeated by the organisms which had developed resistance mechanisms to penicil- 
lins. The key to the next advance was the isolation of cephalosporin C from 
Cephalosporium sp. The cephalosporin skeleton, which differs from that of the 
penicillins only in having a 1,3-thiazine ring instead of a thiazolidine fused to a B- 
lactam, is now the basis of a wide variety of antibiotics. 


H H H 
NH, oO Nz OAc bey ZA OAc 
fe) fe) 
CO2H CO2H 
cephalosporin C 7-armnocephalosporanic acid 
(7-ACA) 


The cephalosporins that are used as drugs are mostly variants of cephalosporin 
C in which the carboxylic acid that is attached to the B-lactam ring as an amide 
and/or the acetoxy group is changed. Industrially, syntheses are usually from 
7-aminocephalosporanic acid, which is readily available by hydrolysis of cepha- 
losporin C. However, it is also possible to convert a penicillin into a cephalosporin 
by a ring expansion effected by acetic anhydride on the penicillin S-oxide: 


H o 
RCONH, 3 rconH, | oS 
_ pin _Peroxyacid T Ac2O 
am / N om -AcO™ 
Oo 2 Oo rf 
CO2H COH 
a penicillin 
OAc cOAc H 
rconH YL ’ RconH, Yod nCONH s 
TO (“OAc \ ree 
| OSH —N N a 
re) fe) By 
CO.H H COH CO3H 


a cephalosporin 


The synthesis of ceftazidime is illustrative. Retrosynthetic analysis of the car- 
boxylic acid required to form the product with 7-aminocephalosporanic acid 
suggests the following strategy: 


S £ 
HN-K | HN 
i COsH NH, COH 


oO 
= N : ==> oA 60H 


NNo “0 
roo X = leaving group 


X 
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The synthesis is as follows: 


Ci 
AN COE NaNOp - AcOH COZEt _SOCk COEt 
NaNO ACF fe) Fs fe) . 
N. 
OH Neon 
eee s 1) PhgCCl 
= HLN 2) MesCBrCO2Bu' - base 
arr eee ‘ AL cone ro ssge te oe 
N 
“OH 
Prone | COH aay aaa 
N 2 3) t-butyl ester of 7-ACA 
N. e 
ce) 
7 ~cOBu' 
Ss 
PhgCNH—X{_ | conn, “Us 
N 3 1) CFsCO2H 
N. 2) Nal - pyridine 
O oO N 2 OAc P 
t 
Co,But — CO28U 


Ss 
HN | H 
aor 


CO.H 


ceftazidime 


CO,H 


Nitrosation (NO*) of the enol is followed by the nitroso-oxime tautomeric 
shift (p. 320). 

b_ This is the equivalent of acid-catalyzed chlorination of a ketone via the enol. 
cf. The synthesis of thiazoles (p. 698). 

The amino group is protected with triphenylmethy] chloride, so that the oxime 
oxygen becomes the most nucleophilic centre for reaction with the bromo- 
ester. The base hydrolyzes the ethyl ester but does not affect the sterically 
hindered t-buty] ester. 

The acid reacts with dicyclohexy! carbodiimide to give an intermediate which, 
with N-hydroxybenzotriazole, gives an activated ester that reacts readily with 


Qa 
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the amino group of 7-ACA (whose carboxyl group is protected) (cf. peptide 
synthesis, p. 339). 

f The three protecting groups are removed (as carbocations) by trifluoroacetic 
acid, to which the B-lactam ring is stable. Finally, although an acetoxy group is 
usually not a good leaving group in S,2 reactions, it is in a reactive allylic 
position (p. 108). Iodide ion — a better nucleophile than pyridine — displaces it, 
and is then itself displaced by pyridine: 


2s y/o '@) 2 oO 
| 2 Core > Ow: S ar CEs 
HOC : HOC GI CO2H 


Chlorophyll is a dihydroporphyrin contained in plants and concerned in the 
photochemical process. There are in fact two chlorophylls of which that shown 
above is chlorophyll a; chlorophyll b differs in having an aldehyde group in place 
of methyl in ring IL. 

The synthesis described was carried out by R. B. Woodward et al. (J. Amer. 
Chem. Soc., 1960, 82, 3800; The Chemistry of Natural Products, 1.U.P.A.C. 
Symposium, 1960, p. 383). They based their approach on observations relating to 
the structure and properties of chlorophyll. In particular, dihydroporphyrins are 
normally very easily oxidized to porphyrins but chlorophyll is not. The inference 
is that resistance to removal of the hydrogen atoms at C; and Cy stems from the 
fact that in the oxidized system the alkyl groups at these positions would eclipse 
and strongly repel each other; in the reduced form (trans) the staggered arrange- 
ment reduces the steric strain. In addition, it is apparent from a consideration of 
bond lengths that the unsaturated ketone ring connecting C, and C, must be very 
strained, whereas the ring is closed with ease, the inference being that ring closure 
relieves the strain between the C, and C, substituents. The application of these 
observations in the synthesis is clear from the discussion below. 


* At the time of the synthesis, the absolute configuration of chlorophyll was not known. It has since 
been determined as the enantiomer of the structure given here. For consistency with the papers by 
Woodward et al. which are referred to, their structures are retained in this section — the relative 
configurations are of course correct. 


22.4 
Chlorophyll* 
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Qa 


The Woodward synthesis was completed with the formation of chlorin e, 
trimethyl ester in step s, for this had previously been converted into chlorophyll a 
in three steps. One of these involves the introduction of phytol which has been 
synthesized from (+)-citronellol as follows: 


1. 


Synthesis of phytol 


1) Ha-Pt Pewee HO,C CO,Me 
phase Jee: A COH — : z 


(+)-citroneliol 


ee ey ee Brg == OMe 
ie) d 
AWK au 
S . 
OH “Some 


Oe Cee eee ee at 
f 
PCV ee ee eo 


phytol 


Reduction of C=C, followed by ascent of the homologous series through the 
nitrile (p. 244). 

Crossed anodic coupling with (+)-methyl hydrogen B-methylglutarate (p. 546), 
followed by hydrolysis of the ester. 

A similar reaction with the keto-acid. 

Standard procedure using the Grignard reagent from methoxyacetylene. 
Acid-catalyzed rearrangement: 
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OH 20 De. 
ees ak OMe Pie snc ~~ -CO.Me 


f The cis- and trans-isomers are separated after reduction; the (—)-trans-isomer 
is the naturally occurring compound. 


2. Synthesis of chlorophyll a. 


CO,Me CO,Me 


a The free-radical chlorination of the benzylic-type methyl group (p. 531) occurs 
rapidly in acetic acid at 55°C; the 2- is more activated than the 3-position. 

b The Friedel-Crafts alkylation takes place readily on the activated pyrrole 
nucleus (p. 357). Of the two 2-positions available, that adjacent to the methyl- 
substituent is the more reactive, first, because the electron-releasing methyl 
group stabilizes the positive charge in the transition state whereas the electron- 
attracting ester group destabilizes it, 
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COLEt een 


E H 


x 2+ 


and second, because the ester group probably provides more hindrance to the 
reagent than the methyl group. 

This Friedel-Crafts acylation, catalyzed by a mild Lewis acid, takes place at 
the only unsubstituted nuclear position. 

The dicyanovinyl group has acted until this point as a protective group for the 
aldehydic function required at this carbon atom. The group is removed with 
33% sodium hydroxide solution by the reverse-aldol reaction (p. 210), use 
being made of the anion-stabilizing influence of the cyano groups. 


This procedure also hydrolyzes the ester groups which are then re-esterified 
with diazomethane. The aldehyde is converted with ethylamine into an imine, 
preparatory to conversion into the thioaldehyde in the next step. 

The imine is converted into the thioaldehyde for the following reason. Two 
dipyrrylmethanes are to be combined (step /). Reaction must be specific: that 
is, the molecules must be oriented as in the representation preceding step i 
and not in the alternative manner. To ensure this, it was hoped to form an 
imine as in step i before coupling the dipyrrylmethanes. The first attempt 
used an aldehyde group for formation of the imine, but pyrrole aldehydes are 
unreactive towards nucleophiles such as amines as a result of delocalization, 


N 
H 


N 
H 


The reactivity of the carbonyl group is increased by acids, but in this case 
even the mild acid conditions required (triethylammonium acetate) degraded 
the dipyrryimethane. However, the thioaldehyde is much more reactive and 
proved suitable in this instance. 
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h i 
CO,Me CO,Me CO,Me CO,Me 
NH, NHCOMe 
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AcOH (110 °C - No) 
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0 CHO Co,Me 
MeO,c” CO2Me 
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KOH / MeOH NaOH / H20 
Sane ee ee, 


1) resolve 

2) CH2No HCN - EtsN 
eee I 

p q 

1) Zn- AcOH 

2) CHaNp MeOH - HCI 

-—_oooo s 

r 
CO .Me 
MeQ,C MeO,C ‘ 
chlorin e¢ trimethyl ester 
1) phytol 


MeO~/ MeOH 2) Mg(OH)CI 


chlorophyll-a 


f Base-catalyzed reaction involving the activated methyl group of nitromethane 
(p. 222). 

g The C=C bond is activated by the nitro group to nucleophiles and is reduced 
by borohydride (p. 638). Fusion of the product with a mixture of sodium and 
potassium acetates at 120°C effects decarboxylation. The nitro group is then 
reduced catalytically. 

h Hydrogen bromide catalyzes the Friedel-Crafts reaction which joins the two 
pyrrole rings; reaction occurs at the 2-position shown rather than at the 
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alternative 2-position as a result of the steric effect. The dipyrrylmethanol is 
readily reduced by borohydride. 


NH, 


CO,Me 


The dipyrrylmethane formed is a labile compound which is extracted into 
dichloromethane and used immediately in step /. 
Formation of the imine (see e). 


12m Hydrogen chloride in methanol brings about a series of transformations. 
The bridges are formed as follows: 


Lower bridge 
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Upper bridge 


There is spectroscopic evidence for the occurrence of the resulting inter- 
mediate and for those which succeed it: 


+ 
NH 
HG + Hu 
H -H = 
CO ,Me 
MeO2.C CO,Me MeO,C CO Me 
NH, 
H* 
CO,Me 
MeO.C = CO,Me MeO,C CO,Me 


Of the various cations which exist in equilibrium, all save the last contain 
strong steric compression forces owing to the eclipsing of the three sub- 
stituents at C,, C, and C;. In the last cation, however (only one enantiomer is 
shown), the tetrahedral nature of C, allows these substituents to assume a 
staggered relationship to one another, and as a result this is the most stable of 
the cations. It is not necessary to separate the cations. 

k_ An excess of iodine is added to the reaction mixture to remove by oxidation 
two nuclear hydrogen atoms; the amino group is acetylated by the standard 
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procedure (acetic anhydride in pyridine solution), and the C,-side-chain is 
dehydrogenated in warm acetic acid in the presence of air. 

The temperature of the acetic acid solution is raised to 110°C and air is 
excluded to prevent further oxidation. These conditions establish equilibrium 
with the dihydroporphyrin (a purpurin), for which K ~ 2; the product is 
isolated and the reactant is recycled to increase the yield. The reaction 
involves electrophilic attack by the activated C==C bond at the 3-position of 
the pyrrole nucleus: 


Meo,c* H CO,Me MeOQ,C~ CO2Me 


A further important aspect of the reaction is that the uptake of the proton 
at the last stage is from that direction which results in the methyl and 
methoxycarbonylethyl groups in ring [V being trans to one other, for the 
alternative product is more severely strained. 

Hydrogen chloride in methanol removes the protective acetyl group and the 
resulting amine is submitted to Hofmann elimination yielding the required 
vinyl-substituent. Strong illumination with visible light in the presence of air 
then oxidatively cleaves the five-membered ring formed in /, the driving force 
for the reaction being derived partly from the release of the ring strain. 

The substituent at C7 is removed with base. This reaction is no doubt facili- 
tated by the presence of the electron-accepting nitrogen atom in ring IT, i.e. 


-MeQCO3H, -CO 
ee 


R< 
E GO CHO CO,Me CHO CO,Me 


MeQ,C a ake MeO,C 


Again, the final protonation occurs so as to give the more stable stereo- 
isomer (see /). 
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22.5 
Prostaglandins 
E, and Frag 


In addition, the base induces lactonization across C, and C,: 


HN HN \ 
— —- oN 
oO SGNcOMe MeO~ ~O~ SO 


MeO 


o Very dilute sodium hydroxide solution hydrolyzes the methyl ester and, by the 
reverse of the lactonization in step n and re-lactonization, gives the hydroxy- 
containing lactone. 

p The optical isomers are resolved (the diastereomers formed with quinine 
were used). Diazomethane methylates the carboxylic acid and also opens the 
lactone by reacting with the open-chain tautomer: 


HN \ HN HN \ 
eile sis ae CHM 
HO” ~o7 So CHO CO,H CHO CO,Me 


q_ Cyanide ion forms a cyano-lactone in the manner of the methoxy-lactonization 
in step a. 

The lactone is opened reductively and the resulting acid is methylated. 
Methanolic hydrogen chloride converts the nitrile into the methyl ester. 
Dieckmann cyclization to give a five-membered cyclic B-keto-ester (p. 228). 
The phytyl residue is introduced in place of methyl (alcoholysis) at the less 
hindered of the two ester groups and the magnesium atom is inserted. 


nia! 


The prostaglandins are a series of closely related hormones which are derivatives 


of ‘prostanoic acid’: 
5 
S\N _ COOH 
10 
Ce 
20 


13 15 


They are present in many mammalian tissues at very low concentrations: one of 
the richest known sources is human seminal plasma which contains at least 13 dif- 
ferent prostaglandins at a total concentration of about 300 pg cm~*. Prostaglandins 
have potent effects on various kinds of smooth muscle and they are of consider- 
able medical interest for the control of hypertension, for gynaecological purposes, 
and as abortifacients. 

Prostaglandins E, and F,, are two of the six primary prostaglandins. In general, 
the E series of prostaglandins have a B-hydroxy-ketone structure in the ring 
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and differ in the degree of unsaturation in the side-chains, whereas F series 
prostaglandins have a 6-dihydroxy function in the ring and likewise differ in the 
extent of unsaturation in the side-chains. 
QOH 

3 HS eS COG 


OH H OH 
PGE2 PGF 2, 


The synthesis of E scries prostaglandins poses a particular problem in that the 
B-hydroxy-ketone function is especially prone to dehydration (p. 96). (Such 
dehydration gives rise to series A prostaglandins which readily rearrange to series 
B prostaglandins which are fully conjugated and have the ring double bond 
between carbon atoms 8 and 12.) Further challenges in the syntheses include the 
control of C=C diastereoisomerism in the side-chains and of the configuration at 
Cis. The synthesis given below is that of E. J. Corey and co-workers; the 
evolution of the synthesis from its original form to that of 1975 is discussed (J. 
Amer. Chem. Soc., 1969, 91, 5675; ibid., 1971, 93, 1489; 1491; ibid., 1972, 94, 
8616; ibid., 1975, 97, 6908). 

Corey’s strategy was based on the retrosynthetic disconnections: 


+ 
Qu OH Prob -~\->c0,H 
Va ase Oo H 3 ett 
aa i a BS 
C x7 NcHo 
H OH OH : 
(MeO) P 


ig 


Both the C=C bonds would be introduced by Wittig-type reactions, using a non- 
stabilized phosphorane to generate the (Z)-alkene and a stabilized phosphorane 
(Wadsworth-Emmons variant) to generate the (£)-alkene (p. 462). The carbonyl 
group in the latter would be the source of the required hydroxy! group at Cys. 
However, it would be necessary to protect one of the aldehyde groups to ensure 
that the first Wittig reagent reacted at the appropriate position; release ci the 
protected aldehyde would then be followed by introduction of the second Wittig 
reagent. The protective method chosen was to introduce the aldehydic group at C, 
as an acid which would form a lactone with the Cy hydroxyl; reduction would then 
yield a hemiacetal which would be in equilibrium with the required aldehyde: 


O 
ok ok 


reduction 
Soin enenement 


H OH 
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The synthesis is as follows: 


Tit cio Ph Opn seetext 
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The cyclopentadienyl anion is alkylated at low temperature with a chloro- 
methyl ether. The original version of the synthesis used the sodium salt of 
cyclopentadiene and chloromethyl methyl ether. However, although the 
reaction worked adequately on a small scale, a considerable disadvantage 
was that unchanged sodium cyclopentadienide was sufficiently basic to 
catalyze isomerization of the product even at 0°C and the longer manipulation 
times necessary for work on a larger scale caused this isomerization to be 


troublesome: 
Ose = On 
H 1°) 


The problem was overcome by use of the thallium(1) derivative of cyclopen- 
tadiene, prepared from the diene with Tl,SO, and KOH in water. An 
additional advantage was that the thallium(1) cyclopentadienide was capable 
of manipulation in air. The success deriving from the use of thallium is 
presumably attributable to the thallium derivative’s having more covalent 
character than the sodium derivative, so that the cyclopentadienyl moiety is 
correspondingly less basic. Subsequent syntheses used benzyl! chloromethyl 
ether as the alkylating agent, which had the advantage that subsequent 
debenzylation is more easily accomplished than demethylation (see step e). 
This step was one which underwent the most change during development 
of the synthesis. Essentially it is a cycloaddition reaction. However, the 
apparent dienophile in the reaction is ketene. As was seen earlier (p. 282), 
this participates more readily in [,2 + ,2] than in [,4 + ,2] cycloadditions, so 
that a synthetic equivalent had to be found. The first dienophile used was 
2-chloroacrylonitrile: 


R~~O 


CN 


This dicnophile was found to be insufficiently reactive in the [,4 + ,2] 
mode at temperatures where the isomerization of the precursor (this time by 
1,5-sigmatropic rearrangement) did not occur but the elegant device of 
catalyzing the Diels— Alder reaction to give it advantage over the competitive 
pericyclic reaction was successful. The best catalyst was Cu(BF,)2; it brought 
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about the desired coupling in tetrahydrofuran at —55°C in yields in excess of 
80%. 

The product of the reaction is a mixture of stereoisomers (both Cl and CN 
endo, and the side-chain mainly syn to the double bond) which is efficiently 
hydrolyzed to the required bicyclic ketone by KOH in aqueous dimethyl 
sulfoxide. 

The second variant in accomplishing step b involved a change of di- 
enophile, for 2-chloroacrylonitrile is an unusually hazardous material, un- 
desirable for large-scale work. A preferable alternative was found to be 
2-chloroacryloyl chloride. This dienophile is of higher reactivity than its 
predecessor, so that no catalyst is necessary: 


Cxco R con po 
H 


coci 


Again the product is a mixture of stereoisomers in respect of the endo/exo 
positions of Cl and COCI, but the side-chain is now exclusively syn to the 
double bond. The conversion into the bicyclic ketone is brought about by 
Curtius rearrangement (p. 443) and hydrolysis: 


R~~o R~~o Ro 
Z NaNg Z heat iy 
Cl Cl KeOH- Hao Cc! 
NH 
roe) Ny O 2 


-HCI H20 


NH oO 


Although this variant of the reaction involves more formal steps than its 
predecessor, the conversion of cyclopentadiene into the bicyclic ketone was 
accomplished in greater than 90% yield, without isolation of intermediates. 

The bicyclic ketone contains three asymmetric centres and the relative 
stereochemistry at these is governed by the suprafacial character of the 
Diels-Alder reaction on the less hindered side of the diene so that the 
product is a single diastereomer at this stage; it is, however, racemic. 
The early variants of the synthesis included a resolution step later in the 
sequence (step d); however, this ‘wastes’ half the material so far synthesized. 
The final variant of the synthesis overcame this disadvantage and involved 
an asymmetric synthesis of the bicyclic ketone. In order to achieve this, the 
dienophile for reaction with 5-benzyloxymethylcyclopentadiene was changed 
again, this time to an acrylate ester: 
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a a ° " 
©xporn ware 4 A a = —o" 
Rr O : 


The optically pure asymmetric alcohol R*H was converted into its acrylate 
ester by reaction with acryloy! chloride in the presence of triethylamine. 
Diels-Alder reaction of the optically active acrylate, in the presence of 
aluminium chloride as catalyst, in dichloromethane at —55°C gave the 
bicyclic endo ester in 89% yield. This adduct contains four stereocentres in 
the acy] moiety. As before, the ring junction diastereoisomerism is deter- 
mined by the stereochemistry of cycloaddition, whilst the asymmetry induced 
in the product depends upon that present in R*. The (+)-acrylate gave the 
stereochemistry required for the synthesis. 

Conversion of the bicyclic ester into the bicyclic ketone now required new 
conditions: 


Ph~ ~O Ph~ ~O 
Y 1) LDA J LIAIHy 
H 2) O2- P(OEt)s OH 
ne) are) 
o™ 
Ph~~O Ph~~o 
‘(/ OH NalO, 7 
fe) 


Treatment of the optically active bicyclic ester with lithium diisopropylamide 
generates its enolate anion which is autoxidized by molecular oxygen. The 
hydroperoxide so formed is reduced by triethyl phosphite, in situ, to the 
hydroxy-ester. Note that, although the product at this stage is a mixture of 
diastereomers, only one enantiomer of each is present. Reduction of the 
mixture of hydroxy-esters gives the asymmetric alcohol, R*H (optically pure 
and suitable for recycling), and a bicyclic 1,2-diol which is cleaved to give the 
bicyclic ketone as its required laevorotatory enantiomer. 

In this synthesis, therefore, the key prostaglandin intermediate, the bicyclic 
ketone, is synthesized optically pure without resolution and the chiral agent 
used to achieve the asymmetric synthesis can be recovered, unaffected, 
suitable for re-use. 

Baeyer—Villiger oxidation (p. 445) of the bicyclic ketone gives a single ring- 
expanded lactone resulting from migration of secondary carbon in preference 
to the alternative primary carbon. 

The lactone is hydrolyzed with aqueous sodium hydroxide and the free acid 
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is obtained by neutralization with carbon dioxide. (In syntheses which had 
not been asymmetric a resolution step was then included by crystallization of 
the (+)-amphetamine salt.) Finally, iodolactonization is achieved by treat- 
ment of the acid with iodine in aqueous KI solution (cf. Prévost reaction, 


p. 593): 


R R R 
: ¢o ay uty 
Z 2). CO. Z ke I j 
0. Ol OM 


4 COLH n% 


Preference for y- over 5-lactone formation ensures a unique product now 
containing five asymmetric centres. 

The hydroxy group is protected by acylation. Originally acetylation was 
used but, later, acylation with 4-phenylbenzoyl chloride was found advan- 
tageous in that materials were more consistently crystalline and the aromatic 
chromophore facilitated location of the products during chromatography. A 
further important benefit was to accrue later (step h). 

Deiodination is effected with tributyltin hydride, the radical-mediated 
reaction being initiated with azobisisobutyronitrile (p. 538). The protecting 
benzyl group is removed by hydrogenolysis (p. 643) (where methyl was 
present in place of benzyl, it was removed with BBr;). 

The hydroxymethyl group is oxidized to aldehyde with the pyridine complex 
of chromium(v1) oxide in dichloromethane (p. 609). 

The aldehyde couples with the anion of dimethyl 2-oxohepty! phosphonate (a 
variant of the Wadsworth- Emmons reaction, p. 460) to give the trans C==C 
of the C;2—Cvy side-chain. 

Prostaglandins E, and F,, have the (S)-configuration at C,;. The evolution of 
synthetic procedures to build in this configuration enantioselectively is one of 
the most interesting aspects of this synthesis. The first synthetic sequence 
used Zn(BH,)2 as reducing agent. This hydride-transfer reducing agent was 
preferable to more common alternatives in that the amount of concomitant 
reduction of the double bond conjugated with the ketone grouping was 
minimized. However, there was no stereoselectivity in reduction of the 
carbonyl group, since other stereocentres in the molecule were too distant to 
influence the course of reaction when the new stereocentre at C,, was 
created. In an attempt to introduce stereoselectivity in this reduction, various 
hindered borohydrides were synthesized and used. The most effective one 
was obtained by reduction of the trialkylborane derived from thexylborane 
(p. 484) and limonene, 
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and used in tetrahydrofuran at —120°C in the presence of HMPA as catalytic 
Lewis base. With this combination, the desired a-alcohol predominated over 
the B-isomer to the extent of 4.5:1. It was noted, however, that the a: B ratio 
varies with the nature of the acyl group used to protect the ring-hydroxyl 
group: the ratio was greater in the desired sense when an elongated rigid 
function such as 4-phenylbenzoy! was used. This was rationalized as follows. 
Molecular models showed that the 4-phenylbenzoyl group could lie alongside 
the -enone group in the aliphatic side-chain, possibly being weakly bonded to 
it by x—7 interaction, 


Moreover, the models showed also that the interaction could be more 
extensive when the -enone function is in the s-cis conformation, i.e. 


H O H CeHy 


and not 
s NS Oo 


R CH, R 


When the -enone is reduced in the s-cis conformation from the side opposite 
to the biphenyl moiety, alcohol of the desired stereochemistry results. 

Structural variations were made in the protecting function to improve 
further the stereoselectivity of reduction. Eventually, by using biphenyl-4- 
isocyanate in place of the acyl halide as the protecting agent, the resultant 
urethane could be reduced with a stereoselectivity of 92% a-alcohol and 8% 
p-alcohol at Cys. 

10) 


rere 


The biphenyl moiety is therefore a stereochemical control element as well as 
having the other advantages listed under step e. 

Alkaline hydrolysis removes the protecting group, whether ester or urethane, 
and the resultant diol is treated with dihydropyran in dichloromethane con- 
taining toluene-p-sulfonic acid. This protects both hydroxyl groups as 2- 
tetrahydropyranyl derivatives (p. 709). The lactone ring is then reduced to a 
hemiacetal with diisobutylaluminium hydride in toluene. A hemiacetal is a 
masked aldehyde: 


- 
a a a ae 


HO 
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22.6 
Ibogamine 


j Wittig reaction on the masked aldehyde in DMSO, with the dimsyl anion as 


base to generate the phosophorus ylide, gives the cis-alkenc (p. 462). 

k,l The prostanoid material so formed is the immediate precursor of both 
prostaglandins E, and F,,. Treatment with aqueous acetic acid hydrolyzes 
the pyranyl protecting groups to give prostaglandin F,, (step k), whilst 
oxidation of the unprotected hydroxyl group by chromium(v1) oxide followed 
by similar deprotection (step /) yields prostaglandin Ep. 


Ibogamine is an alkaloid in the oboga family which contains the clinically import- 
ant antitumour alkaloid vinblastine. This provides a stimulus for efficient synthetic 
approaches to this family of compounds. The following is a short, stereocontrolled 
synthesis of ibogamine reported by B. M. Trost et al., J. Amer. Chem. Soc., 1978, 
100, 3930, which makes use of a silver-palladium catalyzed alkene cyclization. 

A Diels—Alder transformation provides the obvious approach to establishing 
the bicyclic ring with its required stereochemistry. The one chosen is depicted in 
the final product by the thickened bonds, 


Five other such approaches are revealed by disconnection, some of which have 
been used in other syntheses. 
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a The regio- and stereochemical principles governing the Diels— Alder reaction 
(p. 272) result in all three substituents in the six-membered ring being cis. This 
is the required relationship for the ethyl and aldehyde groups (the latter will 
eventually form part of the nitrogen bridge), but is immaterial for the acetoxy 
group which is later to be removed. Complexation of the aldehyde oxygen 
(the more basic of the two) with BF3, thereby lowering the energy of the 
dienophile’s LUMO (p. 274), enables reaction to be carried out at —10°C, 
increasing the regio- and stereoselectivity. 

b_ Reaction to give the imine, followed by its reduction to the amine (p. 669). 

c The Pd(o) compound gives a x-allyl complex, with loss of acetate ion, which 
reacts with the nucleophilic nitrogen atom of the amino group (p. 580). 

d_ It is believed that PdCl, effects electrophilic substitution of the indole ring, its 
reactivity being enhanced by silver ion, and that intramolecular addition to the 
alkene follows: 


N 
ow — Ger. 
HNN, y 


where M is either a silver-palladium salt complex or a partially ionized 
palladium salt. The palladium substituent is removed by reduction (NaBHy). 
In an enantioselective elaboration of the synthesis, the optically active diene 


ri 9 £0Me 


10) Ph 


was used as starting material. This resulted ultimately in the formation of 
(+)- and (—)-ibogamine in the ratio 4:1 (i.e. an enantiomeric excess of 
{(4 — 1)/S x 100] = 60%). 


22.7 
11-Oxygenated 
(a) /1-Oxoprogesterone: progesterones 


Steroids have played a central role in understanding the effect of conformation 
and configuration on reactivity and, because of the importance of these com- 
pounds as hormones and pharmaceutical products, it is not surprising that this 
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framework has a central place in the development of regio- and stereo-chemically 
controlled synthetic methods. The importance of corticosteroids has prompted 
many attempts to synthesize 11-oxygenated steroids and two contrasting ap- 
proaches to give closely related compounds (11-oxo- and 11a-hydroxyprogester- 
one) will be described. The first is an elegant methodology pioneered by G. Stork 
et al., J. Amer. Chem. Soc., 1981, 103, 4949 and 1982, 104, 3758, for the 
preparation of 11-keto steroids: 


ra) oO 
=— > 4 
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CN 2 
1) NaBH, / EtOH HO.,, 
2) Na2CO3 / MeOH EteAICN / dry benzene 
e f z 
7H 
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Li 
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Reduction with lithium in liquid ammonia gives the 1,4-adduct and is directed 
by the strongly electron-releasing methoxyl group (p. 641). 

Ozonolysis occurs more readily at the electron-rich, more substituted, double 
bond (p. 593), and refluxing over Dowex (a resin that is available in both 
acidic and basic forms) converts the product into the more stable trans-ap- 
unsaturated ketone: 


OMe OMe OMe 


ee Q3 Sf H* or OW oO 
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c 


Michael addition by the enamine from cyclopentanone and pyrrolidine occurs 
through the least crowded transition state to give trans product as a racemate 
(only one enantiomer is shown). A Mannich electrophile is thereby formed 
which reacts with the enol tautomer of the ketone to give the bicyclic product. 
Careful hydrolysis (buffered solution) removes pyrrolidine but leaves the 


ester intact: 


: OL, 


| 


N 
re) re) 
buffered 
: hydrolysis : 


MeO,C._/ MeO2C._~ 
d_ Acid-catalyzed ester-exchange with isopropenyl acetate gives the dienol 
acetate, 
OAc 
a oa Ht be i a “A -Ht a at 
-Me2CO 
— yo — ae 2" 


which is activated to acetylation by acetic anhydride—boron trifluoride 
(p. 259). The acetoxy group is removed during this process, probably as 


follows, 


+ 
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and the enol formed by acid-catalyzed tautomerism of the methyl ketone is 
acetylated. 

Borohydride ion approaches from the upper, less hindered, side of the 
molecule. Hydrolysis of the enol acetate with base regenerates the methyl 
ketone and the base also catalyzes a prototropic shift to give the conjugated 
ketone. 

Michael-type addition of cyanide ion (p. 245) is also sterically favoured from 
the upper side. 

The keto group is protected so that only the nitrile group is reduced by 
LiAIHy. This yields the imine which, under Wolff—Kishner conditions (p. 
649), is reduced to methyl. 

Pyridinium dichromate in DMF oxidizes primary alcohols to carboxylic acids 
and secondary alcohols to ketones. 

Addition of an cxcess of lithiumisopropenyl (from 2-bromopropene with a 
suspension of lithium and 2% sodium in diethyl ether at —78°C), followed 
by quenching with acetic acid, introduces isopropenyl substituents both by 
addition to C==O and by substitution at —-CO2H (p. 199). 

The sequence 


MeO,C C=C 
o-c + \" a Ges 
H OH + / lee; 
EtsN-SO, 7802 
CO.Me 
oogt. 
eae t C=C + N-SO2 Et,NH 
CO,Me 


provides very mild conditions for syn-climination from an alcohol; in this case 
the alcohol derivative yields alkene at room temperature in THF. Some of the 
alternative conjugated diene is also formed, but it is isomerized to the desired 
diene in the next step. 

RhCl, - 3H2O catalyzes the isomerization of alkenes and, by carrying out the 
Diels~Alder cycloaddition in refluxing ethanol containing a trace of the 
rhodium salt, the diene mixture from step j is all converted into the cyclic 
product; the protecting group is hydrolyzed under these conditions. Two 
stereocentres are generated in the cycloaddition, so that four stcreoisomers 
are possible. However, only two are likely, because approach of the enone 
side-chain is sterically easier from the underside of the molecule than from 
the top, where the angular methyl group impedes it. Formation of the re- 
quired product is consistent with the preference for endo-addition in Dicls— 
Alder reactions with conjugated dienophiles (p. 273). 

Reaction with ozone in dichloromethane and methanol at —78°C and treat- 
ment of the ozonide with triphenylphosphine give the tetraketone. Epimer- 
ization at Cy occurs via the enol, catalyzed by traces of acid, to give the 
required, thermodynamically more stable, product. 
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m There are two possible aldol adducts: that which gives the required af- 
unsaturated ketone on dehydration and a cyclopentanol derivative formed by 
reaction of the enolate at C,,;. The latter is formed the faster, and can 
be obtained quantitatively by treating the triketone with 4% methanolic 
potassium hydroxide at a low temperature. However, its base-induced dehy- 
dration occurs much less rapidly than that of the alternative adduct. Advan- 
tage is taken of this, coupled with the reversibility of the aldol addition: by 
using more concentrated base at 40°C, the required six-membered product is 
obtained. 


(b) Jla-Hydroxyprogesterone: 


The (+)-enantiomer of 11la-hydroxyprogesterone is a key intermediate in the 
commercial production of hydrocortisone acetate. The following stereospecific 
polycyclization of a polyenic substrate to give racemic 11a-hydroxyprogesterone 
was carried out by W. S. Johnson et al. (J. Amer. Chem. Soc., 1976, 98, 1039). 
The development of polyene cyclizations, now recognised as biomimetic, intro- 
duced a new approach for the synthesis of multi-ring substrates. In this sequence 
the polyenic substrate was produced by convergent synthesis, the connecting step 
being the addition of the lithium salt of an alkyne to an aldehyde to give an 
alkynic alcohol. A retrosynthetic analysis of the synthesis follows: 
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The synthesis gave a 15% overall yield of 11a-hydroxyprogesterone in 16 steps 
from simple compounds, corresponding to a 7% overall (22 steps) yield of racemic 


hydrocortisone acetate. The stereoselectivity of the cyclization portends well for 
this methodology. 


The synthesis is as follows: 
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HO 
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a A standard Grignard reaction. 

b Conversion of —-OH to —Cl is accompanied by a shift of the double bond 
(Sn2’ reaction; p. 108). 

c Displacement of chloride by the carbanion from dithiane (p. 475). 

dad The usual method for hydrolysis of a thioacetal to the aldehyde involves 
mercury(I) ion as catalyst (p. 475), but this also catalyzes the hydration of 
alkynes (p. 91). A newer, promising method was chosen: methyl iodide 
forms a sulfonium cation to provide a good leaving group in a nucleophilic 
displacement by water, 


Me 
iS Ss 
R Mel R 7 -HI 
H2O: >>) i — 
Wry ) 2 We ) 


Me 
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Ho) = om + — MeS“su 


Calcium carbonate is included to absorb the HI formed. 

e Metallation of the furan occurs at the 5-position (p. 683) and the organo- 
metallic derivative displaces bromide in preference to chloride (p. 103). Acid- 
catalyzed ring opening of the furan, with formation of the diketal, follows 
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essentially the reverse pathway to that in the formation of furans by dehy- 
dration of 1,4-dicarbonyl compounds (p. 692). 


aes. ar Ny HOCH,CH20H - H* Cc! 
= S46) 
Li Oo Oo 
Mf 


Lithium acetylide was used as its complex with ethylenediamine in DMSO. 
Formation of the alkynyllithium (p. 185) is followed by its reaction at the 
carbonyl group. 

Only the a-hydroxyalkyne is reduced by LiAIH, (p. 640). 

After acetylation of —-OH, the ketal residues are removed with acid, and 
aldol reaction and hydrolysis of the acetate are induced with base: 


AcO 
mee ll AcO | HO | 
oR) ¥ | | 
oN NS 
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heey e : 


j The product is not stable and is therefore submitted to cyclization without 
purification. 
k Acid-induced cyclization, 


~ ORS 


(OH 


gives only the product with the required configuration of the hydroxyl group 
at C,,. Both epimers are formed at C,7 but each can be used in the later steps 
(epimerization occurs in step m; only one enantiomer is shown). 

1 The —OH group is protected by acetylation, and treatment with ozone fol- 
lowed by reduction of the ozonide gives the trione. 

m_ Base-induced aldol reaction and hydrolysis of the acetate give a mixture of 
three parts of racemic 11a-hydroxyprogesterone and one part of the racemic 
17a-epimer. 
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Fredericamycin 
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Fredericamycin A was isolated from a strain of Streptomyces griseus at the 
Frederick Cancer Research center in Frederick, Maryland and named accordingly. 
The compound shows anti-cancer activity and this, coupled with the novel struc- 
ture, makes its synthesis and that of analogues of importance. The strategy 
employed by T. Ross Kelly et al. (J. Amer. Chem. Soc., 1988, 110, 6471) in their 
synthesis of (+)-fredericamycin A was to construct synthetic equivalents for the 
top and bottom units and then to effect their coupling in conjunction with 
elaboration of the spiro centre. For the bottom half of the molecule a double 
bond was temporarily introduced in the five-membered ring to direct the regio- 


chemistry for spiro formation. 


1. Synthesis of top half: 


AcC20 - BF3 
60T 


a 


Ph Ph 
o- O74 
Oe @ 
OMe 
oO 0. oN 
Ph Ph 
I 
‘ 
Oo Oo 
HN 
“SS pph, ow I 
OAc OH 
MeO.C MeOH - ut Me0,C 
MeO,C OAc Me0,C OH 
OAc OH 


SOME NATURALLY OCCURRING COMPOUNDS 


Ph 
OH eas ee 
MeO,C MeO,C 
K2CO3 - Mel . Ph~ Br Z 
MeO,C OMe ss MeO,C OMe 
OH o. 
Ph 
Ph Ph 
1) NaN(SiMeg)o 2 a Ph 
Meo,c7 COME gg 0” 0 
2) KeCO3 Me0,C 1) NaQH/H,0/Me0H 
ee OE SOO 
. MeO2C OMe / OMe 
re) Oo. o OQ°O 
Ph Ph Ph Ph 


Although this type of reaction (Thiele~Winter acetylation) has been known 
for about 100 years, its mechanism is not well established. Acetic anhydride 

and boron trifluoride are known to generate the acetyl cation (p. 254), 
AcgQ + BF g — MeCO* + AcO-BF, 
AcO-BF, == AO” + BF, 


and a possible mechanism, shown for p-benzoquinone, is: 


OAc OAc 
Meco: ae Aco™ 
+ 
ie) Oo 


OAc 


OAc OAc 
ie AGO 
H = “ACOH 
OAc OAc One 
Oo OH 


OAc 


Alternatively, the reactivity of the quinone to Michael-type addition of acetate 
ion is enhanced by BF;;: 


&-BFs o-Ps OAc 
AcO™ H nee 
OAc 
OAc 
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b Transesterification with methanol, catalyzed by hydrogen chloride, gives the 
trihydroxy-compound. 

c Two of the hydroxyl groups are hydrogen-bonded to ester substituents and 
are less acidic than the third. Consequently, with only just over one equiv- 
alent of K,CO3, reaction through the phenoxide ion gives mainly the required 
methyl! ether. 

The remaining hydroxyls are benzylated with use of an excess of K,CO3. 

e Two crossed Claisen condensations catalyzed by (Me3Si)2N~. Like LDA, this 
is a very strong base but is hindered as a nucleophile so that, for example, 
substitution at the benzyl groups does not occur. The product, in its phenolic 
form, is dibenzylated. 


vi Ph 
fe) re) o? 
MeO.C MeQ.C 
base 
MeO2C OMe Me0,c7~~ ome MeO,C OMe 
oN fe) oy 
Ph Ph 


OH O 
WSS 
Me02C OMe 

OH O 

Ph 


f Hydrolysis of the ester groups followed by dehydration of the dibasic acid to 
give the anhydride. 


2. Synthesis of bottom half and of fredericamycin A: 


O OH 1) -O_ CI oor 
‘ 2) LiAIH, 
AIC 3) Bu'Me2SiCt 
a ry 
re) OSiMe,Bu 
re) 0~.07 1) N Lit 

1) s-Buli- EtNCOC! 
2)t-BuLi- Mel Et,N 2) (EtO)2CHC=EN 

c d 

Me 


OSiMe But 
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0. B70" MeQ O07 ~O~ 
HN Mel - AgoCO3, N~ 
EOL AN SOE EcOL ON 
@ 
EtO OSiMe,Bu! Eto OSiMe,Bu! 
MeQ O7~O~ 
1) BugN* FO 2 4) t-BuLi 
2) -Hz0 N » 2) Me3SiCl 
f EtO SS g 
EtO 
1) t-BuLi i bi 
2) fe) oO oO 
eSel 
MeQ O07 ~O~ OMe 
ce) Os, ox 
NZ es 3) Ac2O Ph Ph 
Eto SiMe3 


(COCI2- DMSO 
EtyN/CH2Clo 


/ 
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Eto 


EtO 


An intramolecular Fries rearrangement (p. 452) of dihydrocoumarin. 
Protection of phenolic —-OH as an acetal, reduction of C=O, and protection 
of the new —OH as a silyl derivative, the introduction of which is catalyzed 
by imidazole (p. 479): the latter protecting group can later be removed under 
conditions (F~) which do not affect the former. 

Metallations are followed by reactions with electrophiles. The first metallation 
takes place ortho to the oxygen substituent (cf. p. 683), and the second ortho 
to the carbonyl group. 

The combination of the aromatic ring and the ortho-carbonyl-substituent 
renders the methyl group weakly acidic. A very strong base is needed to 
generate the carbanion for the ensuing reaction on the nitrile, but one which 
is severely hindered as a nucleophile. The lithium derivative of 2,2,6,6- 
tetramethylpiperidine, generated from the amine with butyllithium, was used. 
Addition to the nitrile, 


0 07-07 Oo 07-07 
EtoN 
Et,N (EtO),CHC=N N- 
“CH, EtO 
OSiMe2Bu! Eto OSiMe2Bu' 


is followed by cyclization. 
Under the conditions used, the ambident amido nucleophile reacts mainly 
at oxygen. Ultrasonic irradiation, by activating the surface of the silver 


carbonate, facilitates the reaction (p. 546). 


SOME NATURALLY OCCURRING COMPOUNDS 


f The silyl protecting group is removed with fluoride ion. Dehydration of the 
alcohol so formed cannot be effected in the usual acid conditions since the 
acetal would be hydrolyzed and there would be the possibility of isomerization 
of the new C=C bond to the alternative conjugated position. The method 
chosen was a variant of one used for dehydrogenation via a selenide deriva- 
tive (p. 604). The alcohol (ArCH(OH)CH)R) was converted into the selenide 
derivative by treatment with o-nitrophenyl selenocyanate (Ar’SeCN) and 
tributylphosphine in THF* and this was oxidized by hydrogen peroxide at 
0°C. When the solution was allowed to warm, elimination occurred: 


ss ak ArSeCN - Bu3P / THF Ar H2O2 
Bee BREE... Syork BL sa! a 
OH SeAr 
Ar. 
R -ArSeOH 2 
a ae -ArSeOH ArCH=CHR 
Se 
Ar oO 


g  Silylation of the delocalized allyl anion formed with t-butyllithium occurs at 
the less hindered position, 


MeO O07 ~O~ MeO O7~0O~ 
N7 CO MegSiCl N* es 
Eto. SS Eto. SS 
EtO EtO SiMeg 


thereby blocking this position and ensuring the correct regiochemistry in the 
coupling reaction in the following step. 
h The allylic anion, again formed with t-butyllithium, 


MeO O07 ~O~ 
nz 
Eto. SS [> 
Eto SiMe 


reacts at its unsubstituted position with a C==O group in the anhydride. 
The two such groups are regiochemically different because of the —OMe 
substituent, and a mixture is formed but this is immaterial (see the product of 
step /). Dehydration with acetic anhydride forms the C==C bond. 


“The probable mechanism (where the alcohol is designated ROH) is: 


+ 7 
Ar'SeCN ¥ Bu3P aie ArSePBu; CN 


ROH, = RO-PBu, + HCN + ArSe~ 


RO-PBu, + ArSe’ —=  R-SeAr + O=PBu, 
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22.9 
Daphnilactone 
A and methyl 
homo- 
daphniphyllate 


i Reduction of the remaining C=O with DIBAL (p. 659) releases an aldehyde 
and an enolate which react to give spiro-compounds in the four isomeric 
forms associated with two asymmetric carbon atoms: 


[ty ~~ Loe | 

j Swern oxidation (p. 610) removes one asymmetric carbon and the regio- 
isomerism associated with the —-OMe group: the product consists of one pair 
of enantiomers. 

k Hydrogenation of the aliphatic C=C bond, together with removal of the 
four benzyl protecting groups by hydrogenolysis (p. 643). 

1 Oxidation of the quinol to quinone occurs simply on the admission of air. 

m Acid-catalyzed hydrolysis of the more reactive —-CH(OEt), acetal occurs 
selectively without disturbing the ArOCH,OMe acetal. 

n The Wittig reaction gives a mixture in which the ¢rans,trans- and cis,trans- 
isomers predominate. However, treatment with iodine effects isomerization 
to give mainly the required trans,trans product and by carrying out this 
reaction in methanol in the presence of anhydrous NaBr and toluene-p- 
sulfonic acid, the acetal and ether groups are hydrolyzed. 


The Daphniphyllum alkaloids are a group of complex squalene-derived natural 
products which fall into two groups: those containing 30 skeletal carbons (e.g. 
daphniphylline) and those containing 22 skeletal carbons. Daphnilactone A is 
unique in that it contains 23 skeletal carbons, one of which is not derived from 
squalene. More than half of the 33 Daphniphylium alkaloids have been isolated 
from methanol extracts of the bark and leaves of D. macropodum, a Japanese 
tree commonly named ‘Yuzuriha’ from the Japanese word ‘Yuzuru’ which means 
‘transfer from hand to hand’. The tree is unusual in that it puts forth new leaves 
before defoliation of the old leaves which gradually fall to the ground. Two 
other related species, Daphniphyllum teijsmanni and Daphniphyllum humile, 
have provided other alkaloids in this family. Their syntheses have led to the 
development by the Heathcock group of elegant methodology for complex ring 
skeletons: R. B. Ruggeri, K. F. McClure, and C. H. Heathcock, J. Amer. Chem. 
Soc., 1989, 110, 1530; R. B. Ruggeri and C. H. Heathcock, J. Org. Chem., 1990, 
55, 3714; C. H. Heathcock, Angew. Chem. Int. Ed. Engl. 1992, 31, 665. 


SOME NATURALLY OCCURRING COMPOUNDS 


CO.Me 
N- 
(+)-daphnilactone A (+)-methyl homodaphniphyllate 
O (EtO)gCH ie Eto 
De eb » Jp 
EtO.C : EtO,C 2 EtO,C 
4) LDA 
2 Res Se 
LiAIH, 
c d 
fe) 
ss ayer 1) ZA/THE 
2) Hot BF 2) HMPA 
e 7 


779 


780 PRINCIPLES OF ORGANIC SYNTHESIS 


1) NHg 
LIAIH, 2) 200s 
a i 
AcOH 
45°C 
Z k 
‘a O  OIBAL/ 
He - PtO. toluene 
D / . 
HN. a . 
secodaphniphylline skeleton 
OH 
CO3H 
H2C1O4 / H2S04 
, ; 
ey acetone HN 
n 
p | PhNcO o| CH20 7 H20 


pH7 


a 


SOME NATURALLY OCCURRING COMPOUNDS 


OCONHPh 
1) N 
A (4)-daphnilactone A 
Ph = 
q | HCO 
OCONHPh CO,Me 
1) KOH / MeOH 
2) CrO3/H2S04 
Ne 3) MeOH - H N- 


r 


daphniphyltline sketeton (¢)-methy! homodaphniphyllate 


Ketones do not gives ketals with monohydric alcohols but do so with ethyl 
orthoformate (p. 90). 

Base-induced elimination on heating, aided by the development of 
conjugation. 

The delocalized enolate formed with LDA could react with the iodide at 
either of two carbon atoms, 


Eto. - Eto. 
ae : ely 
but does so predominantly at the ester-substituted carbon atom (p. 235). The 
product is asymmetric but for simplicity only one enantiomer is shown from 
now on. 
The ester, but not C==C, is reduced by LiAlH4. 
The tribromo-compound was prepared from a readily available lactone, 


1°) oO Oo 
Br. 
Br Br 


Acid-catalyzed ring opening is followed by conversion of alcohol into bromide 
by PBr3 (p. 465) and of the acid into the a-bromo-acid bromide (Hell- 
Volhard—Zelinsky reaction, p. 326). After reaction of the acid bromide with 
—(CH,OH, the enol ether is hydrolyzed. 
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f 


An intramolecular Reformatsky reaction gives the thermodynamically fav- 
oured cis ring junction. Addition of HMPA coordinates the zinc, releasing 
the oxyanion as a reactive nucleophile to form a second (pyran) ring by 
intramolecular Sy2 displacement: 


Br Br Br 
On Br2n~O, 222 Sisko 
ot fo) fe) 
Za/ THE a HMPA 
Vy yj yj 
f yj yj 


Reduction of the lactone. 

Swern oxidation (p. 610). 

Successive nucleophilic reactions by nitrogen at the —CHO groups and 
elimination of water. 

Protonation of the azadiene initiates cyclization: 


C HON. HN. 


Steps j and k represent the second occasion in the synthesis, step f being the 
other, where two rings are formed sequentially in a one-pot reaction. 
Hydrogenation of C==C completed the synthesis of the secodaphniphylline 
skeleton. 

Diisobutylaluminium hydride (DIBAL) complexes with the oxygen atom to 


SOME NATURALLY OCCURRING COMPOUNDS 


increase its leaving-group ability and bonds to the nitrogen atom; frag- 
mentation is thereby induced: 


+ 
ee 
NE 
R2AI~ 2 


Finally, DIBAL reduces the resulting immonium ion: 


the 1) DIBAL 
RoAl ff a HN 


Jones’ oxidation (p. 612) gives an intermediate suitable for the synthesis of 
both (+)-daphnilactone A and methyl homodaphniphyllate. 

Reaction of formaldehyde at nitrogen leads to a Mannich electrophile which 
adds to C=C. The resulting carbocation reacts with —CO,H to form the 
lactone ring and complete the synthesis of (+£)-daphnilactone A: 


COH 


CH20/H20 
pH7 


oO 


(4)-daphnilactone A 


An excess of phenyl isocyanate protects the hydroxy! group as its carbamate 
derivative and, by reacting similarly at the amino group, reduces the nitrogen 
atom’s basicity so that it is not significantly protonated in the following step; 
this enables it to act as a (weak) nucleophile in that step. 

In formic acid under reflux, the C=C bond is protonated and the carbocation 
reacts with the nucleophilic nitrogen to close the ring. Nucleophilic dis- 
placement on the resulting quaternary salt releases the amine. 

Hydrolysis of the carbamate followed by Jones’ oxidation to the carboxylic 
acid and then esterification yield (+)-methy! homodaphniphyllate. 
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Problems 1. Some of the products of the sequences outlined below have been used in 
the synthesis of naturally occurring compounds, and others are themselves 
important natural products. Complete the synthetic schemes in as much detail 
as you can: insert the formulae of intermediates which have been omitted and 
state the experimental conditions which you consider suitable for carrying out 
the individual steps. Comment, where relevant, on the stereochemistry of the 


intermediates. 
(a) Me Me 
COLE! 
os tor = a 
* - COjH 
Me Me Me 
CO2H 
CO2H 
(5) CO,H 
om — = 
N N 
H H 
oO 
igs 0. n-Me 
0. NS 
N N 
COPh H 
(c) H 
>? —, G++ GZ NEte 
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Seaneas 


vitamin Ay 


(e) ° : 
=< 60 Se _ 


oestrone 


785 


786 PRINCIPLES OF ORGANIC SYNTHESIS 
(f) 


(g) 


cortisone 


SOME NATURALLY OCCURRING COMPOUNDS 


h) Me 
HO. CHO HO = HO. si 
W- Ud — ; 

Mi 
HO. “ 0. ce 
H H 


( 


COLEt 
HoN Me, r MeO. : N 
EtO.C NAc EtO,C NCOPh nN” 
H H 
Oo 
a 
N 
O N 
‘coPh He 
MeO ~ CO2Et MeO \ 
| - ae | re 
quinine 
(2) MeO. CHO MeO. cl 
? _—_—_— —— =r 
MeO MeO’ 
OMe OMe 
O 
MeO CN Me' 
MeO’ MeO O 
OMe OMe 
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MeO MeQ. 
ee Ce NHCOMe 
MeO —" MeO 
MeO © MeO & 
fe) oO 


OH OMe 


colchicine 


(j) — MesCMe,SiO 


ah 


eriolanin 


2. Outline methods for the synthesis of the following compounds from readily 
available materials. 


(a) Me = CO2H (b) 


camphor 


SOME NATURALLY OCCURRING COMPOUNDS 


(c) Me (d) aaa 
Pro i tee 
benzedrine HO 
(amphetamine) adrenaline 
(epinephrine) 


os (f) é 
a See 


3:4-benzopyrene 
(g) OH y Cl (h) QH OH 
N i A_LOH 
Cl 
2 
CI y NH 
F Me N 
chloramphenicot O 
(an antibiotic) 
riboflavin 
{vitamin Ba) 


Use retrosynthetic analysis to suggest syntheses of the following: 
(a) OMe (b) fo) 


MeCO. 


(4) 
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4. Rationalize the following reaction sequence that gives racemic dihydroproto- 
daphniphylline in 65% yield (one of the enantiomers is displayed on the 
cover): 


1) MeNH, 
2) ACOH (80°C) 


dihydroprotodaphniphylline 


Aacl mechanism 117 
Aac2 mechanism 115 
Aacl mechanism 117 
absolute configuration 143-144 
acetaldehyde, aldol reaction of 209 
decomposition of 53 
formation of cyclic trimer and 
tetramer from 258 
from acetylene 91 
from cthylene 577 
hydration of 16 
with ammonia 307 
with cyanide 52 
with malonic ester 225 
acetaldehyde cyanohydrin 52 
acetals, from aldehydes 89 
hydrogenolysis of 647 
hydrolysis of 89 
acetamidine, from acetonitrile 317 
acetamidomalonic ester, from 
matonic ester 328 
in synthesis of a-amino acids 328 
acetanilide, bromination of 386 
chlorosulfonylation of 383 
acetic acid, dielectric constant 64 
electrolysis of 546 
acetic anhydride, in Perkin 
condensation 218 
with acetone 259 
with bromobenzene 366 
with nitric acid 376 
acetoacetic ester, alkylation of 238 
dimethylpyridine from 702 
from ethyl acetate 226 
from ketene 282 
manufacture of 282 
self-condensation of 710 
with ammonia 308 
with aniline 362 
with benzenediazonium 
chloride 422 
with bromine 86 
with 1,3-dibromopropane 239 
with iodine 239 
with nitrous acid 320 
acetone, acid-catalyzed 
enolization 54 
acidity of 47 
aldol condensation with 
benzaldehyde 213 


aldol reaction of 209 
by dehydrogenation of 
isopropanol 613 
dielectric constant 64 
enol form of 12 
from cumene hydroperoxide 446 
kinetics of acid-catalyzed 
bromination of 54 
mechanism of acid-catalyzed 
bromination of 54 
tautomerism of 12 
with acetic anhydride 259 
with acetylene 243 
with ammonia 308 
with diethyl oxalate 709 
with diethylamine and 
formaldehyde 261 
with ethyl acetate 229 
with hydrogen chloride 256 
with potassium cyanide 245 
acetonitrile, in Hoesch reaction 372 
with ethanol 317 
acetophenone, as photosensitizer 502 
Baeyer- Villiger oxidation of 446 
with ethyl benzoate 230 
with formaldehyde and 
ammonia 263 
with salicylaldehyde 258 
with sclenium dioxide 603 
acetophenone oxime, in Beckmann 
rearrangement 444 
acetophenone phenylhydrazone, in 
Fischer indole synthesis 689 
acetoxime, structure of 23 
acetoxonium ions 440 
acetyl chloride, with naphthalene 368 
with thiophea 367 
acetylene, acetylide ion from 48 
hydration of 91 
orbital structure of 23 
reduction of 11 
with acetone 243 
with 1-bromobutane 242 
with copper(it) ion 547 
with cyclopentadiene 271 
with formaldehyde 243 
with organocopper compounds 200 
acetylenes see alkynes 
1-acetylnaphthalene, by acetylation of 
naphthalene 368 


Index 


2-acetylnaphthalene, by acetylation of 
naphthalene 368 
2-acetylthiophen, by acetylation of 
thiophen 367 
acid azides, from acid chlorides 319 
from esters 443 
in formation of polypeptides 338 
rearrangement of 443 
acid chlorides, hydrolysis of 114 
in formation of peptides 337 
in Friedel-Crafts acylation 254, 
365--368 
nucleophilic substitution in 114 
reduction of 658, 663-664 
with alkenes 254-255 
with amines 316 
with ammonia 316 
with diazomethane 437 
with enamines 232 
with Grignard reagents 193 
with hydrazine 318 
with ketones 259 
with organocadmium 
compounds 203 
with sodium azide 319 
acid hydrazides, from acid chlorides, 
anhydrides, or esters 318 
with nitrous acid 443 
acidity 43 
acrolein see propenal 
acryloin synthesis 549-551 
mechanism of 550 
acrylonitrile, copolymerization with 
butadiene 543 
from propylene 600 
with allene 283 
activated complex 57 
activation energy 57 
acyl-iron complexes, formation 
of 571-572 
acylium ions 366 
in ester hydrolysis 116 
in Friedel~ Crafts reactions 366 
with alkenes 254 
acyloin synthesis 550 
mechanism of 549-551 
adamantane 159 
synthesis of 439 
Adams’ catalyst 631 
in reduction of alkenes and 


792. INDEX 


Adams’ catalyst cont’d 
alkynes 631 
in reduction of aromatic 
compounds 640 
adenine 721 
synthesis of 380, 426, 722 
adenosine, synthesis of 736 
adenosine diphosphate, synthesis 
of 737-738 
adenosine monophosphate, synthesis 
of 737~738 
adenosine triphosphate 735 
synthesis of 737-738 
adipic acid, from acetylene 243 
from cyclohexanol 619 
from cyclohexene 595 
in formation of nylon 243 
Adkins’ catalyst 632 
AIBN see azobisisobutyronitrile 
a-alanine, from acetaldehyde 246 
B-alanine, from propiolactone 304 
from succinimide 442 
alcohols, basicity of 50 
by hydroboration 487-489 
by reduction of aldehydes and 
ketones 651-656 
by reduction of carboxylic acids and 
derivatives 658 
by reduction of epoxides 590 
elimination reactions 99 
esterification of 115 
from alkyl! halides 104 
from Grignard reagents 191-194 
from organoboranes 487-489 
from organolithium 
compounds 198 
from organomercury 
compounds 203 
hydrogenolysis of 646 
oxidation of 608-615 
protection by ether formation 336, 
736 
protection by silyl ether 
formation 478 
protection with dihydropyran 709 
resolution of 147 
via ozonolysis of alkenes 594 
Wagner-Meerwein rearrangement 
of 430 
with carbonyl compounds 89 
with Grignard reagents 188 
with hydrogen halides 106 
with thionyl chloride 108 
aldehyde hydrates 89 
aldehydes 
acetals from 89 
acid-catalyzed self-condensation 
of 256-257 
autoxidation of 556 


basicity of 50 

by Darzens reaction 222 

by Gattermann formylation 371-372 

by Gattermann- Koch 
formylation 370-371 

by hydroboration 489, 491 

by hydrolysis of Reissert 
compounds 664 

by oxidation of primary 
alcohols 608-610 

by reduction of acid 
halides 663-664 

by reduction of amides 664-665 

by reduction of carboxylic 
acids 662 

by reduction of carboxylic 
esters 662 

by reduction of nitriles 664 

by Reimer-Tiemann 
formylation 374 

by Vilsmeyer formylation 373 

decarbonylation of 575 

from acyl-iron complexes 572 

from alkyl halides 244 

from Grignard reagents 194 

from organoboranes 489 

hemiacetals from 16, 89 

in aldol reaction 209 

oxidation of 617-618 

pyridines from 700 

reduction of 649-656 

reductive amination of 308 

via ozonolysis of alkenes 594 

with acid anhydrides 218 

with amines 309-310 

with ammonia 307 

with ammonia and cyanide ion 308 

with carboxylic esters 217 

with 1,2-diamines 696 

with dianilinoethane 310 

with diazomethane 436 

with Grignard reagents 191 

with a-halo-esters 221 

with hydrazine and derivatives 310 

with hydrogen cyanide 245 

with hydroxylamine 310 

aldol 209 

aldol condensation, 

intramolecular 213~214 
aldol reactions 121, 209-217 
diastereoselectivity 214-217 
kinetics of 209 

aldols, dehydration of 211 

aldosterone 21-acetate 554 

aldoximes, with acetic anhydride 311 

alizarin yellow R 425 

alkanes, autoxidation of 556 

by Kolbe electrolysis 546 

by reduction of aldehydes and 


ketones 649-650 
radical-catalyzed reactions 
of 530-531, 551-552, 556 
vapour-phase nitration of 551 
alkene metathesis 566 
alkenes, acylation of 254 
alkylation of 253-254 
by hydroboration 491 
by Wittig reaction 460-461 
electrophilic addition to 82-87 
from alcohols 99-100 
from alkyl halides 94-100 
from alkynes 639 
from esters 296 
from quaternary ammonium 
salts 98 
from xanthates 296 
hydroboration of 483 
in 1,3-dipolar additions 278 
nucleophilic addition to 91 
oxidation by Lemieux reagents 
of 595 
ozonolysis of 593-594 
photochemical reactions with 
ketones 500-502 
radical-catalyzed additions 
to 534-535, 537-541, 552 
radical-initiated addition to 92 
reduction of 631-635 
self-condensation of 252 
with bromine 82 
with diiodomethane and zinc 204 
with dinitrogen tetroxide 552 
with formaldehyde 255 
with hydrogen halides 82~84 
with iodine and silver 
acetate 592-593 
with mercury(11) compounds 203 
with octacyanodicobalt 574-575 
with organolithium compounds 199 
with osmium tetroxide 591-592 
with palladium(1) 577 
with potassium permanganate 592 
alkeny! radicals, cyclization of 541 
alkoxide ions, basicity of 48 
alkyl azides, from alkyl halides 306 
photochemical decomposition 
of 520 
reduction of 306 
alky! halides, elimination from 94-99 
from alcohols 106, 465 
from alkanes 530-531 
from alkenes 83 
from carboxylic acids 536 
hydrogenolysis of 647-648 
hydrolysis of 102-113 
in Friedel-Crafts alkylation 253, 
360-361 
reaction with metals 185, 197, 203 


reactivity in El reactions 99 
reactivity in E2 reactions 94-98 
reactivity in Sy1 reactions 109-110 
reactivity in S,y2 reactions 103-106 
Wagner-Meerwein rearrangement 
of 430 
with acetoacetic ester 238 
with alkali-metal nitrites 305 
with alkenes 253~254 
with alkynes 242 
with amines 301 
with ammonia 301-302 
with azide ion 306 
with cyanide ion 244 
with enolates 233 
with Grignard reagents 189 
with hydrazine 306 
with lithium 197 
with magnesium 186-187 
with malonic ester 236 
with phthalimide 303 
with silver nitrite 305 
alkyl nitrites, as electrophiles 301 
from alkyl halides 305 
photochemical reactions of 554 
N-alkylanilines, rearrangement of 451 
N-alkyl-N-nitrosoanilines, 
tearrangement of 451 
alkylbenzenes, nitration of 377 
alkylhydrazines, from alkyl 
halides 306 
alkylidenecycloatkanes, 
stereochemistry of 141 
alkylidenephosphoranes, from 
triphenylphosphine 460 
with carbonyl compounds 460-461 
alkynes, acidity of 48 
base-catalyzed reactions of 
241-243 
formation of Grignard reagents 
from 187 
from bishydrazones 624 
hydration of 91, 204 
hydroboration of 485 
reactions with electrophiles 87 
reactions with nucleophiles 91 
reduction of 130, 638-639 
trimerization of 574 
with alkyl halides 242 
with copper(it) ion 547 
with Grignard reagents 187 
with octacyanodicobalt 574 
with organocopper compounds 200 
with ozone 594 
allene, from 2,3- 
dichloropropylene 647 
in cycloadditions 283 
with acrylonitrile 283 
allenes, stereochemistry of 141 


alloxan 720 
allyl halides, reductive coupling 
of 576 
allylsilanes, with electrophilic 
reagents 482 
alternating axis of symmetry 135 
ambident nucleophiles 301 
amide ions, basicity of 49 
amides, basicity of 49 
by Beckmann 
rearrangement 444-445 
from carboxylic acids and 
derivatives 316 
Hofmann rearrangement of 
441-442 
hydrolysis of 114 
nucleophilic substitution in 114 
reduction of 658, 660, 664-665 
with Grignard reagents 194 
amidines, basicity of 49 
from nitriles 312 
amine oxides, retro-ene reaction 
of 296 
amines, basicity of 49 
by Curtius rearrangement 443 
by Gabriel synthesis 303 
by Hofmann rearrangement 442 
by Lossen rearrangement 444 
by reduction of amides 659 
by reduction of azo compounds 672 
by reduction of C-nitroso 
compounds 671 
by reduction of nitriles, 659, 661 
by reduction of nitro 
compounds 666-668 
by reduction of oximes 670-671 
by Schmidt rearrangement 443 
from alkyl halides 301~302 
from Grignard reagents 196 
from organoboranes 488 
in carbylamine reaction 304 
oxidation of 598, 621-622 
protective methods for 333-335 
stereochemistry of 139 
with aldehydes and ketones 309- 
310 
with alkyl halides 301-302 
with ethy! chloroformate 317 
with ethylene oxide 303 
with Grignard reagents 188 
with isothiocyanates 313 
with nitrous acid 409, 431 
with phosgene 317 
with potassium cyanate 313 
a-amino-acids, isolation from 
aqueous solution of 325 
physical properties of 325 
synthetic methods for 219, 326- 
330 
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m-aminobenzaldehyde, by reduction 
of m-nitrobenzaldehyde 668 
o-aminobenzaldehyde, by reduction 
of o-nitrobenzaldehyde 668 
2-aminocyclohexanol, with nitrous 
acid 173 
p-aminoazobenzene, from 
diazoaminobenzene 421 
p-aminophenol, from phenol 672 
from phenylhydroxylamine 452 
6-aminopurine see adenine 
3-aminopyridine, from 
nicotinamide 442 
anchimeric assistance 432 
angular strain 27 
anhydrides, in Friedel-Crafts 
acylation 365-367 
nucleophilic substitution in 114 
reduction of 659 
with alkenes 254 
with amines 316 
with ammonia 316-317 
with ketones 259 
aniline, basicity of 49 
bromination of 353 
by reduction of nitrobenzene 667 
electrophilic substitution in 352 
oxidation by dichromate 598 
quinoline from 703 
sulfonation of 382 
with acetoacetic ester 362 
with benzaldehyde 309 
with carbon disulfide 315 
anionotropy 15 
anisole, reduction of 642 
with 2,4-dinitrobenzenediazonium 
salts 423 
with trimethylacetyl chloride 367 
[i8]annulene 548-549 
antarafacial 126 
anthocyanidins 714 
anthocyanins, synthesis of 714 
anthracene, addition to 38 
electrophilic substitution in 357 
formylation of 371 
Kekulé structures for 37 
photooxidation of 512 
photosensitized dimerization 
of 504 
stabilization energy of 9, 37 
with bromine 87, 347 
with maleic anhydride 272 
9-anthraldehyde, by formylation of 
anthracene 371 
anthranilic acid, from 
phthalimide 442 
anti conformation 28 
antibonding orbital 20 
antiperiplanar 97 
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aphidicolin 572 
aprotic solvents 65 
Arbuzov reaction 458 
arginine, in proteins 324 
protection of 337 
Arndt—Eistert synthesis 438 
aromatic character 38 
Arrhenius equation 55 
ary! halides, benzynes from 404-405 
by halogenation 383-385 
electrophilic substitution in 353 
from diazonium salts 412 
hydrogenolysis of 648 
nucleophilic substitution in 399- 
402 
organometallic compounds 
from 187, 197 
with copper(1) cyanide 244 
with butyHithium 197 
with lithium 197 
N-arylazoanilines, rearrangement 
of 451 
arylhydrazines, from diazonium 
salts 419 
oxidation of 623 
N-arythydroxylamines, 
rearrangement of 452 
arylsilanes, with electrophilic 
reagents 480 
L-ascorbic acid, from D-glucose 587 
aspartic acid, in proteins 324 
aspergillic acid 718 
asymmetric destruction 149 
asymmetric kinetic resolution 149 
asymmetric synthesis 149 
atomic orbital 20 
atropine, from tropinone 266 
autoxidation 129, 556 
axial bond 154 
azasulfonium salts, rearrangement 
of 471 
azides, in 1,3-dipolar additions 279 
azines, from aldehydes and 
ketones 311 
azlactones, from acylglycines 219 
in Erlenmeyer’s synthesis 219 
azo compounds, geometrical 
isomerism in 23 
hydrogenolysis of 426 
reduction of 672 
thermal decomposition of 523 
azo-dyes 424-425 
azobenzene, by reduction of 
nitrobenzene 667 
oxidation of 623 
azobisisobutyronitrile, from 
acetone 623 
thermal decomposition of 523 
azoic combination dyes 424 


azomethane, thermal stability of 524 
azoxybenzene, by oxidation of 
azobenzene 623 
by reduction of nitrobenzene 667 
azulene 42 


Bac2 mechanism 114 
Baeyer-Villiger reaction 445-446 
mechanism of 445 
Baz2 mechanism 117 
Baldwin’s rules 678 
barbituric acid 716 
synthesis of 716 
barrelene 159 
photocyclization of 507 
Barton reaction 554 
basicity 43, 48 
Beckmann rearrangement 444-445 
benzalacetone, from 
benzaldehyde 213 
benzalacetophenone, with hydrogen 
cyanide 245 
benzaldehyde, autoxidation of 556 
by reduction of benzoic acid 662 
in Cannizzaro reaction 128 
with acetone 213 
with ammonia 307 
with aniline 309 
with butanone 257 
with ethyl acetate 217 
with ethyl bromoacetate and 
zine 218 
with formaldehyde 654 
with hydroxide ion 654 
with malonic acid 225 
with nitromethane 223 
with sodium cyanide 246 
with 2-methylpyridine 260 
benzanthracene, from 
naphthalene 369 
benzene, basicity of 50 
bond lengths in 35-36 
chloromethylation of 369 
delocalization energy of 36 
dielectric constant 64 
Friedel-Crafts alkylations of 361- 
362 
heat of hydrogenation of 36 
homolytic phenylation of 544 
iodination of 385 
Kekulé structures for 25-26 
mercuration of 388 
nitration of 377 
oxidation of 596 


photochemical addition to 502-503 


photoisomerization of 510 
stabilization energy of 9 
structure of 36 
sulfonation of 382 


sulfonylation of 383 
with chlorosulfonic acid 383 
with ethyl bromide 364 
with propyl halides 364 
with succinic anhydride 368 
with trimethylacctyl chloride 367 
1,2-benzenedicarboxylic acid see 
phthalic acid 
benzeneseleny! bromide, in 
dehydrogenation 604 
benzenesulfonic acid, acidity of 46 
sulfonation of 382 
benzenesulfonyl chloride, by 
chlorosulfonation of benzene 383 
benzidine, from hydrazobenzene 454 
benzil, base-catalyzed rearrangement 
of 436 
by oxidation of benzoin 620 
benzil bishydrazone, oxidation of 624 
benzilic acid, from benzil 436 
hydrogenolysis of 644 
rearrangement 435-436 
benzocyclobutene 286 
benzo-1,3-dioxa-2-borole, with 
alkenes 484 
benzoic acid, by oxidation of 
toluene 602 
iodination of 387 
with ammonia 316 
benzoin from benzaldehyde 246 
condensation 246 
oxidation of 620 
with sodium bromate 436 
benzonitrile, from 
bromobenzene 244 
benzophenone, as 
photosensitizer 504 
photochemical reaction with 
alkenes 512-501 
reduction of 650 
3:4-benzopyrene, electrophilic 
substitution in 357 
benzopyrones 711-712 
2:3-benzopyrrole see indole 
3:4-benzopyrrole see isoindole 
o-benzoquinone, by oxidation of 
catechol 599 
p-benzoquinone, by oxidation of 
aniline 599 
by oxidation of quinol 598 
chlorination of 607 
with trans-vinylacrylic acid 275 
benzotriazole, from o- 
phenylenediamine 42] 
benzoylglycine, in Erlenmeyer’s 
synthesis 219 
benzoyloxy radical, from dibenzoyl 
peroxide 524 : 
3-benzoylpropionic acid, by 


Friedel-Crafts reaction 368 
benzpinacol, from benzophenone 500 
benzvalene 510 
benzyl alcohol, from toluene 599 

with phosgene 333 
benzyl bromide, from toluene 534 
benzyl chloride, by chloromethylation 

of benzene 369 

from toluene 534 
benzyl chloroformate 333 
benzyl cinnamate, reduction of 634 
benzyl cyanide, reduction of 661 
with methyl! nitrate 323 
benzyl! methyl ether, base-catalyzed 

rearrangement of 449 
benzylideneacetophenone, reduction 

of 632 
benzylideneaniline, from 

benzaldehyde 309 
benzyne 118 

reactions of 405-406 
benzynes 404-406 
bibenzyl, by Friedel-Crafts 

alkylation 361 
bicyclo[2.1.0]pent-2-ene, from 

cyclopentadiene 507 
biphenyl, by phenylation of 

benzene 120 

electrophilic substitution in 353 
biphenyl-2,2'-disulfonic acid, 

stereoisomers of 142 
biphenylene, by dimerization of 

benzyne 406 
biphenyls, by homolytic 

phenylation 543-545 

by Ullmann reaction 546 

stereochemistry of 142-143 
Bischler synthesis of indoles 690 
Bischler—Napieralski synthesis of 

isoquinolines 706 
bisdecarboxylation 617 
Bismarck brown R 425 
boat conformation 28, 153 
Bogert—Cook synthesis 362 
Boltzmann distribution function 9 
bond dissociation energy 7 

table 8 
bond energy 6 

table 8 
bonding orbital 20 
9-borabicyclo[3.3.1]nonane, from 1,5- 

cyclooctadiene 485 
bornane, stereochemistry of 159 
boron tribromide, as Lewis acid 43 

with ethers 107 
boron trifluoride, with ammonia 43 
Bouveault- Blanc reduction 660 
bradykinin, synthesis of 340-341 
Bredt’s rule 98 


bridged carbocations 82 
bromination, of activated methylene 
compounds 62 
of alkanes 530-531 
of allylic and benzylic 
systems 532-534 
of aromatic compounds 384-385 
of carboxylic acids 326 
bromine, photochemical dissociation 
of 523 
thermal dissociation of 523 
a-bromo-acids, from carboxylic 
acids 326 
p-bromoacetophenone, by Fricdel- 
Crafts reaction 366 
p-bromobenzaldehyde, from p- 
bromobenzyl bromide 614 
bromobenzene, electrophilic 
substitution in 353 
with acetic anhydride 366 
with copper(1) cyanide 244 
1-bromobutane, $,2: E2 ratios in 
reactions of 113 
bromocyclopropane, from 
cyclopropanecarboxylic acid 536 
bromodecarboxylation 535 
bromomethylation 369 
2-bromonaphthalene, hydrogenolysis 
of 648 
bromonium ion 82 
2-bromopropane, from 
propylene 534 
N-bromosuccinimide, as free-radical 
brominating agent 533 
as ionic brominating agent 732 
from succinimide 533 
m-bromotoluenc, from toluene 414 
p-bromotoluene, from p- 
toluidine 412 
Br@nsted acid 42 
Bucherer reaction 407 
bullvalene, valence tautomerism 
of 293 
butadiene 8 
copolymerization with 
acrylonitrile 543 
delocalization in 24 
from acetylene 243 
heat of hydrogenation of 8, 24 
resonance structures for 32 
with bromine 87 
with dimethyl fumarate 272 
with dimethyl maleate 272 
with ethylene 270 
with maleic anhydride 271 
with nitrostyrene 27} 
with propenal 55, 123, 271 
with sulfur dioxide 124, 287 
1,3-butadiyne, from butyne-1,4- 
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diol 547 
butane, by hydrogenolysis of butyl 
iodide 646 
conformations of 10, 27~28 
butanedioic acid see succinic acid 
2,3-butanedione, from butanone 322 
t-butanol, conversion into t-butyl 
chloride 73 
butanone, aldol condensation of 211 
with ethyl nitrite 320 
with selenium dioxide 602 
2-butenal, reduction of 638 
2-butene, geometrical isomerism 
in 22 
cis-2-butene, addition of bromine 
to 85 
epoxidation of 589 
trans-2-butene, addition of bromine 
to 85 
heat of hydrogenation of 9 
butenedioic acid see fumaric acid 
and maleic acid 
t-butoxide ion, basicity of 49 
t-butoxy radical, from di-t-butyl 
peroxide 525 
t-butyl bromide, by bromination of 
isobutane 532 
Sw1l:E1 ratios in reaction of 113 
t-butyl chloride, kinetics of hydrolysis 
of 53 
mechanism of hydrolysis of 53 
with cyanide ion 105 
with ethylene 251 
with silver nitrite 305 
t-butyl hydroperoxide 195 
by autoxidation of isobutane 556 
butyl nitrite, from 1- 
bromobutane 305 
t-butyl nitrite, from t-butyl 
chloride 305 
butylacetylene, from 1- 
bromobutane 242 
t-butylamine 196 
o-butylanitine, from aniline 472 
t-butylbenzene, bromination of 390 
chlorination of 350 
dialkylation of 365 
nitration of 350 
4-t-butylcyclohexanone, with 
ethylmagnesium bromide 175 
with lithium aluminium 
hydride 175 
t-butylethylene, with hydrogen 
iodide 121 
butyllithium 197 
t-butyloxycarbonyl azide 333 
t-butyloxycarbonyl derivatives 333 
N-butylpyrrolidine, by Hofmann—- 
L6ffler— Freytag reaction 553 
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butyroin, from ethyl butyrate 549 


Cadiot—Chodkiewicz reaction 549 
cadmium, organic compounds of 203 
caffeine 721 
camphor, oxidation of 602 
camphorquinone 602 
Cannizzaro reaction 654 
canonical structures 23 
cantharidin 276 
capnellene, synthesis of 541 
caprolactam, from cyclohexanone 
oxime 445 
polymerization of 445 
caprolactone, from 
cyclohexanone 446 
carbanions 206 see also enolates 
carbazole, from 2-nitrobiphenyl 465 
carbene _ see also dichlorocarbene 
carbenes, from haloforms 93, 101-102 
insertion into benzene 519 
insertion into C=C bonds 102, 
518-519 
photochemical production of 517- 
518 
with phenoxide ions 374 
with primary amines 304 
carbenium ion 60 
carbocations, in El 
eliminations 99-100 
in Friedel-Crafts alkylations 254, 
361 
in racemization 146 
in reactions of alkenes 252 
in rearrangements 430-433 
relative stabilities of aliphatic 60 
carbodiimides, by Wittig reaction 464 
from thioureas 315 
in formation of peptide bonds 338 
carbon, heat of atomization of 7 
carbon dioxide, heat of formation 
of 7 
in Kolbe-Schmitt 
carboxylation 375 
with Grignard reagents 195 
with organolithium compounds 199 
carbon tetrachloride, from 
methane 531 
in Friedel-Crafts reaction 361 
structure of 27 
carboniumions see carbocations 
carbonyl groups, bond energies of 8 
nucleophilic addition to 88-90 
carboxylic acids, acidity of 44 
bromination of 326 
by Arndt~Eistert reaction 437 
esterification of 115 
from acetoacetic ester 238 
from aldehydes 617-628 


from alkenes via ozonolysis 594 
from alkyl halides 244 
from Cannizzaro reaction 654 
from Grignard reagents 195 
from hydroxamic acids 318-319 
from ketones 618-620 
frora malonic ester 236 
from methyl ketones 619 
from primary alcohols 611-612 
halodecarboxylation of 535-536 
in Kolbe electrolysis 545-546 
protection of 332 
reduction of 658, 662 
resolution of 148 
with alcohols (esterification) 115 
with 1,2-diamines 696 
with hydrazoic acid 443 
with organoboranes 635 
with organolithium compounds 199 
with phosphorus and bromine 326 
carboxylic esters, by Baeyer- Villiger 
oxidation of ketones 445-446 
by esterification 115 
hydrolysis of 114 
nucleophilic substitution in 114 
pyrolysis of 296 
reduction of 658, 660, 662 
self-condensation of 226 
with aldehydes 217 
with Grignard reagents 194 
with hydrazine 318 
with hydroxylamine 318 
with ketones 229 
with sodium 525, 550 
carbylamine reaction 304 
carvone, reduction of 634 
catalytic hydrogenation, mechanism 
of 633 
of acid chlorides 663 
ofalkenes 631-632 
of alkynes 638 
of aromatic compounds 640 
of nitriles 661, 666 
of nitro compounds 668 
of oximes 671 
stereochemistry of 633 
catechol, from salicylaldehyde 447 
oxidation of 599 
catecholborane, with alkenes 484 
ceftazidime, retrosynthetic analysis 
of 743 
total synthesis of 743-745 
centre of symmetry 135 
cephalosporins 743 
from penicillins 743 
chain reaction 74, 529 
chain-transfer agents 543 
chair conformation 153 
chelation 35 


cheletropic reactions 124, 287-290 
chelidonic acid 709 
chloranil, as dehydrogenating 
agent 607 
from p-benzoquinone 607 
chlorination, of alkanes 530-532 
of allylic and benzylic 
systems 532-534 
of aromatic compounds 383-384 
Chlorine, oxidation of alcohols 
by 609 
oxidation of thiols by 625 
photochemical dissociation of 523 
thermal dissociation of 523 
with iodobenzene 626 
chloroacetaldehyde, from 
ethanol 609 
N-chloroacetanilide, rearrangement 
of 122, 451 
chloroacetic acid, acidity of 44 
N-chloroamines, cyclization of 553 
o-chlorobenzaldehyde, from o- 
chlorobenzyl alcohol 614 
chlorobenzene, electrophilic 
substitution in 353 
hydrolysis of 399 
nitration of 392 
with sodamide 404 
chlorocyclizine 718 
2-chlorocyclohexanol, with base 173 
2-chlorocyclohexanone, with 
methoxide ion 450 
chloroethene _ see vinyl chloride 
chloroform, dichlorocarbene 
from 101 
from ethanol 610 
from methane 531 
hydrolysis of 101 
in carbylamine reaction 304 
in Reimer-Tiemann reaction 374 
chloromethylation 369-370 
mechanism of 369 
o-chloronitrobenzene, electrolytic 
reduction of 452 
with copper bronze 546 
chioroniumion 82 
m-chloroperoxybenzoic acid, as 
epoxidizing agent 589 
chlorophyll, natural sources of 745 
total synthesis of 746-754 
3-chloropyridine, from pyrrole 374 
chtorosulfonation 383 
o-chlorotoluene, oxidation of 601 
p-chlorotoluenc, from p- 
toluidine 412 
cholesterol, Oppenauer oxidation 
of 613 
with selenium 606 
chromic oxide, as oxidizing agent 612 


chromium, organic compounds 
of 568-571 
chromium hexacarbonyl, with 
arenes 570 
chromium(1), as reducing agent 647 
chromium(vt) oxide, as oxidizing 
agent 595, 608, 612 
chromium- arene complexes 570- 
571 
reactions of 570-571 
chromones, synthesis of 711-712 
chrysene, electrophilic substitution 
in 357 
Chugaev reaction 296 
cinnamaldchyde, from cinnamyl 
alcohol 613 
reduction of 638 
cinnamic acid, by Knoevenagel 
reaction 225 
electrophilic substitution in 353 
citric acid, from ketipic acid 436 
citronellol 746 
Claisen condensation 120, 226-228 
Claisen reaction 217 
Claisen rearrangement 290, 294--295, 
454 
Clemmensen reduction 649 
cobalt, organic compounds of 573- 
575 
cocaine, by Mannich reaction 267 
coenzyme A 735 
coenzymes I and I 721 
collision rate 55 
collision theory 55~58 
conformation 10 
conformational isomerism 154 
conformational strain see torsional 
strain 
conjugate acid 43 
conjugate base 43 
Conrad—Limpach synthesis of 
quinolines 705 
conrotatory 284 
Cope reaction 296 
Cope rearrangement 293 
stereochemistry of 293 
copolymerization 543 
coppcr, organic compounds of 200 
copper chromite, as catalyst for 
hydrogenation 632 
copper(t) acetylides 243 
copper(1) salts, as catalysts in 
nucleophilic aromatic 
substitution 401 
coumarin, from salicylaldehyde 711 
Cram’s rule 150, 191 
o-cresol, from phenol 473 
p-cresol, from toluene-p-sulfonic 
acid 402 


oxidation of 128, 597 
crown ethers 107 
18-crown-6 107 
cubane 159 
synthesis of 508 
cumence, autoxidation of 557 
cumene hydroperoxide, acid- 
catalyzed rearrangement of 446 
by autoxidation of cumene 557 
cumutlenes in cycloadditions 281~284 
Curtin— Hammett principle 162 
Curtius rearrangement 443 
in synthesis of a-amino acids 329 
cyanamide, with ammonia 312 
cyanides see nitriles 
cyanidin chloride, synthesis of 713 
cyanin chloride, synthesis of 714-715 
cyano group, mesomeric effect of 32 
cyanohydrins 88, 245 
2-cyanopyridinc, from butadiene 702 
cyanuric chloride, synthesis of 723 
with ammonia 723 
cycloadditions 123-124 
cyclobutadiene 40-41 
stabilization of 573 
cyclobutadicne-iron tricarbonyl, in 
synthesis 573 
cyclobutane 27 
cyclobutanecarboxylic acid, from 
malonic ester 237 
1,2-cyclobutanedione, synthesis 
of SSI 
cyclobutanes, stereochemistry of 152 
cyclobutanols, by photochemical 
cyclization 516 
cyclobutanone, from 1-bromo-3- 
chloropropane 475 
cyclobutylmethyl radical, ring- 
opening of 539 
cyclodecanone, by reduction of a- 
hydroxycyclodecanone 655 
photochemical ring-closure of S17 
cycloheptanone, from 
cyclohexanone 435 
stereochemistry of 157 
cycloheptatricne 40 
cycloheptatrienyl bromide 40 
cycloheptatrieny! cation 40 
trans-2-cycloheptenone 506 
1,3-cyclohexadiene, from 3- 
bromocyclohexene 534 
thermal ring-opening of 285 
cyclohexadienones, photochemical 
rearrangement of 509 
cyclohexane, radical-catalyzed 
chlorination of 532 
vapour-phase nitration of 552 
cyclohexanecarboxaldehydc, from 
cyclohexanone 463 
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with methyllithium 199 
1,3-cyclohexanedione, by reduction 
of 1,3-dihydroxybenzene 640 
cyclohexanes, stereochemistry 
of 153-154 
cyclohexanol, oxidation of 619 
cyclohexanone, in Wittig 
reaction 461 
stereochemistry of 156 
with diazomethane 437 
with methyl iodide 234 
with peroxyacids 446 
cyclohexanone oxime, with sulfuric 
acid 445 
cyclohexene, as reducing agent 632 
from butadiene and ethylene 270 
stereocheinistry of 156 
with benzene 361 
with N-bromosuccinimide 534 
with chromium(v1) oxide 595 
with diiodomethane and zinc 204 
with methylene 102 : 
2-cyclohexenone, reduction of 638 
cyclohexyl chloride, from 
cyclohexane 532 
cyclohexylbenzene, by alkylation of 
benzene 361 
cyclonite 724 
cyclononene, by reduction of 
cyclononyne 639 
1,5-cyclooctadiene, complex with 
nickel(o) 577 
cyclooctatetraenc, dianion from 41- 
42 
properties of 41 
structure of 41 
valence tautomerism of 287 
trans-cyclooctene 465 
cyclooctyne, from 1,2- 
cyclooctanedione 624 
cyclopentadiene, acidity of 40 
photocyclization of 507 
with acetone 223 
with acetylene 271 
with p-benzoquinone 508 
with Grignard reagents 187 
cyclopentadienyl anion 40 
cyclopentane, structure of 27 
cyclopentanes, stereochemistry 
of 152 
cyclopentanones, from acyl-iron 
complexes 571 
cyclopentene, polymerization of 567 
cyclopropane, hydrogenolysis of 631 
cyclopropanecarboxylic acid, by 
Favorskii reaction 450 
cyclopropanes, from alkenes with 
carbenes 102 
from alkenes with diiodomethane 
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cyclopropanes, cont’d 
and zinc 204 
cyclopropanone 437 
cyclopropanones, in Favorskii 
rearrangement 449 
cyclopropenyl cation 41-42 
cyclopropylmethyl radical, ring- 
opening of 539 
cytosine 715 
in proteins 324 
synthesis of 327 


D,t-nomenclature 138 
Dakin reaction 447 
Danishefsky’s diene 275 
daphnilactone A, total synthesis 
of 778-783 
Darzens reaction 221-222 
Debye unit 29 
decalin, stereoisomerism of 157 
decamethylenediamine, by reduction 
of sebaconitrile 661 
decamethylenediol, by reduction of 
diethyl sebacate 660 
decane, from 1-iododecane 646 
2-decanol, from 1-octene 538 
decarboxylation 
of aromatic acids 389 
of furancarboxylic acids 389 
of B-keto-acids 296 
of pyridine-2-carboxylic acid 389 
of pyrrolecarboxylic acids 389 
of 2,4,6-trinitrobenzoic acid 389 
dehalogenation, of aryl halides 391 
dehydroacetic acid 710 
dehydrogenation, catalytic 606, 611 
of 1,2-dihydronaphthalene 607 
of 1,4-diketones 604 
of steroids 605-606 
dehydromatricarianol, synthesis 
of 549 
delocalization 24 
deoxyribonucleic acids 716 
desulfonation, mechanism of 390 
of aromatic sulfonic acids 390 
Dewar benzene 159, 510 
Dewar benzenes 510 
Dewar structures 36 
di-t-butyl carbonate, 333 
diacetyl peroxide, as homolytic 
methylating agent 544 
2,4-diamino-6-hydroxypyrimidine, 
synthesis of 717 
dianilinoethane, with aldehydes 310 
diastereomeric excess 151 
diastereomers 140 
diastereoselectivity, in aldol 
reactions 214-217 
in reactions of organotitanium 
compounds 565 


diazoacetates 417 
diazoalkanes, as 1,3-dipoles 278 
photochemical decomposition 
of 517-518 
diazoaminobenzene, acid-catalyzed 
rearrangement of 421 
from aniline 421 
diazohydroxides 410 
diazoketones, photolysis of 519 
preparation of 437 
rearrangement of 437 
diazomethane, in 1,3-dipolar 
addition 278 
preparation of 437 
with acid chlorides 437 
with aldehydes and ketones 436 
with ethylene 278 
with ketene 437 
with methyl acrylate 278 
diazonium fluoroborates 410 
diazonium fluorophosphates 412 
diazonium salts, reactions of 410-424 
diazotates 410 
diazotization 409-410 
mechanism of 409 
DIBAL | see diisobutytaluminium 
hydride 
dibasic acids, Dieckmann cyclization 
of 228 
dibenzalacetone, from 
benzaldehyde 213 
dibenzoyl peroxide, as homolytic 
phenylating agent 544 
as initiator of chain reactions 531 
from benzoyl chloride 602 
thermal decomposition of 524 
dibenzoylmethane, by Claisen 
condensation 230 
dibenzy! chlorophosphonate, as 
phosphorylating agent 737 
from dibenzyl phosphite 737 
diborane, preparation of 483 
with alkenes 483-485 
with alkynes 485 
with amides 660 
with carboxylic acids 660 
with nitriles 660 
1,3-dibromopropane, with malonic 
ester 237 
2,6-dicarboxy-4-pyran 708 
dichlorocarbene 93, 101 
hydrolysis of 101 
in carbylamine reaction 304 
in Reimer- Tiemann 
formylation 374 
with alkenes 102 
dichloroiodobenzene 626 
2,4-dichlorophenoxyacetic acid 386 
dicyclohexylcarbodiimide, activation 
of carboxylic acids by 116 


in synthesis of ceftazidime 744 
in synthesis of penicillin 742 
in synthesis of polypeptides 338 
in synthesis of reserpine 734 
with alcohols and dimethyl 
sulfoxide 610 
dicyclopentadiene 273 
photocyclization of 508 
Dieckmann condensation 228 
dielectric constant 64 
Diels’ hydrocarbon 606 
Diels~ Alder reaction 270-277 
enantioselectivity in 277 
in synthesis of reserpine 731 
stereochemistry of 272-274 
dienes, 1,4-addition to 87 
by hydroboration 492 
in Diels-Alder reaction 271 
in intramolecular 
photocyclization 506-508 
telomerization of 582 
dienophiles, in Diels- Alder 
reaction 270 
diethanolaminc, dehydration of 677 
from ethylefic oxide 303 
diethyl adipate, cyclization of 228 
diethyl ether, dielectric constant 64 
diethyl malonate see malonic ester 
diethyl oxalate, hydrolysis of 115 
with acetone 709 
with activated methylene 
compounds 227 
with o-nitrotoluene 690 
diethyl phenylmalonate, by Claisen 
condensation 227 
dicthyl pimelate, cyclization of 228 
diethyl propanedioate see malonic 
ester 
diethyl succinate, self-condensation 
of 228 
diethylamine, with acetone and 
formaldehyde 261 
1-diethylamino-3-butanone, by 
Mannich reaction 261 
9,10-dihydro-3:4,5:6-dibenzophenan- 
threne 198 
1,2-dihydrobenzene, equilibrium with 
1,3,5-hexatriene 123 
photooxidation of 512 
dihydroconessine 553 
dihydropyran, as protective reagent 
for primary alcohols 709 
from tetrahydrofurfuryl 
alcohol 709 
2,7-dihydrothiepin dioxides, 
cheletropic reactions of 289 
2,3-dihydroxy-2,3-dimethylbutane 
see pinacol 
2,4-dihydroxy-5-methytpyrimidine 
715 


1 ,3-dihydroxybenzene, catalytic 
reduction of 640 
tautomerism in 13 
2,4-dihydroxypyrimidine 715 
diimide, as reducing agent 634 
by oxidation of hydrazine 623 
diisobutylaluminium hydride 
as reducing agent 640, 660, 662, 
665, 666 
preparation of 659 
diisopinocampheylboranc, from a- 
pinene 486 
in enantioselective reduction 487 
1 ,2-diketones, base-catalyzed 
rearrangement of 435-436 
by oxidation of ketones 602 
oxidation of 620 
pteridines from 719 
thiophens from 693 
with 1,2-diamines 309 
1,3-diketones, by Claisen 
condensation 229 
from enamines 232 
isoxazoles from 696 
with hydroxylamine 312 
pyrimidines from 716 
1,4-diketones, from acetoacetic 
ester 239 
furans from 692 
pyrazoles from 694 
pyridazines from 718 
pyrroles from 685 
thiophens from 693 
dimethyl! sulfate, as methylating 
agent 103 
dimethyl sulfide, as reducing 
agent 594 
dimethyl sulfoxide, as oxidizing 
agent 610 
dielectric constant 64 
3,3-dimethyl-2-butanone see 
pinacolone 
p-dimethylaminobenzaldehyde, by 
formylation of 
dimethylaniline 373 
4-dimethylaminopyridine, as 
nucleophilic catalyst 117 
NN-dimethylanitine, formylation 
of 373 
nitration of 377 
with chlorine 352 
dimethylbenzenes see xylenes 
trans-3,4-dimethylcyclobutene, 
thermal ring opening of 284 
dimethylcyclohexylamine, from 
cyclohexanone 669 
dimethyl sulfoxide, as solvent for Sy2 
reactions 106 
diciectric constant 64 
2,5-dimethylpyrrole, from 2,5- 


hexanedione 308 
dimsyl anion 468, 473 
-2,4-dinitrobenzaldehyde, from 2,4- 
dinitrotoluene 323 
m-dinitrobenzene, bromination 
of 387 
from nitrobenzene 378 
reduction of 668 
with cyanide ion 399 
o-dinitrobenzene, from o- 
nitroaniline 622 
p-dinitrobenzene, from p- 
nitroaniline 413 
2,2'-dinitrobiphenyl, by Ullmann 
reaction 546 
2,4-dinitrofiluorobenzene, in end- 
group analysis of 
polypeptides 401 
dinitrogen tetroxide, addition to 
alkenes of 552 
as oxidizing agent 614, 625 
2,4-dinitrophenylhydrazine, as 
reagent for carbonyl 
compounds 311 
from chlorobenzene 401 
2,4-dinitrotoluene, with p- 
nitrosodimethylaniline 323 
1,2-diols, from alkenes 591-593 
from epoxides 590 
-from ketones 656 
oxidation of 615-617 
rearrangement of 433 
dioxetans 513 
diphenic acid, from anthranilic 
acid 418 
from phenanthrene 596 
diphenyl sulfone, by sulfonylation of 
benzene 383 
diphenylacctic acid, from benzilic 
acid 644 
diphenylacetylene, from benzil 
bishydrazone 624 
diphenyldiazomethane, from 
benzophenone 
phenylhydrazone 624 
1,2-diphenylethene _ see stilbene 
diphenylketene 519 
from benzil 624 
diphenylmethane, by alkylation of 
benzene 361 
by reduction of benzophenone 650 
diphosphopyridine nucleotide 721 
1,3-dipolar additions 277~280 
dipolar bonds 29 
dipole moment 29 
dipyrrylmethenes, synthesis of 687- 
688 
disconnection 679 
disiamylborane 485 
from trimethylethylene 485 
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uses 492, 635, 639 
disrotatory 285 
disulfides, from diazonium salts 418 
from thiols 625 
reduction of 672 
dithioacetals, in synthesis of 
ketones 475 
DMF see dimethylformamide 
DMSO | see dimethy! sulfoxide 
Débner-von Miller synthesis of 
quinolines 704 
double-bond character 25 
durene, from benzene 363 


E,Z-nomenclature 137 
E1 elimination 99-100 
stereochemistry of 163 
E2 elimination 94-98 
stereochemistry of 160 
stereoselectivity in 162 
eclipsed conformation 27 
electrocyclic reactions 123, 284--287 
electrolytic reduction 667 
electronegativity 23 
electrophile 81 
electrophilic addition to alkenes, 
mechanism of 82-87 
stereochemistry of 164 
electrophilic radicals 526 
electrophilic reagent 75 
electrophilic substitution in aromatic 
compounds 347-360 
mechanism of 344-347 
orientation and directive effects 
in 347-360 
enamines 231-232 
enantiomers 134 
enantioselective synthesis, in 
alkylation of enolates 572 
enantioselectivity, in Diels— Alder 
reactions 277 
in hydroboration 487 
in reduction of ketones 653 
ene reaction 124, 295-296 
enol ethers, hydrolysis of 86 
enolates 207 
(E)- and (Z)-isomers of 215 
in aldol reactions 207 
in base-catalyzed bromination 62 
in base-induced eliminations 96 
in Claisen condensations 226 
in racemization 146 
with activated alkenes 240-241 
with alkyl! halides 233 
with alkyl nitrates 323 
with alkyl nitrites 320-321 
with nitroso compounds 323 
with organic selenides 604 
with oxygen 557 
enolization, in acid-catalyzed 
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enolization, cont’d 
bromination 54 
in condensations of carbony! 
compounds 256 
enols, in Mannich reaction 261 
nitrosation of 319 
tautomerism with carbonyl 
compounds of 13 
with bromine 86 
with diazonium salts 422 
enthalpy 5 
of activation 58 
entropy 9-12 
epimerization 147 
episulfones, cheletropic reactions 
of 289 
epoxidation 588-590 
mechanism of 588 
stereochemistry of 589 
epoxides, from alkenes 588~590 
from carbonyl compounds with 
diazomethane 437 
from sulfur ylides 468 
hydrolysis of 590 
reduction of 656 
with dimethy! sulfoxide 590 
with Lewis acids 590 
with lithium aluminium 
hydride 590 
equatorial bond 154 
ergosterol, photoisomerization of 506 
Erlenmeyer’s synthesis 219 
erythrose, stereochemistry of 140 
Eschenmoser reaction 294 
Eschenmoser’s salt 264 
Eschweiler—- Clarke reaction 670 
esters, by hydroboration 490 
from organomercury 
compounds 203 
see also carboxylic esters 
Etard reaction 600 
ethanal see acetaldehyde 
ethane, by Kolbe electrolysis 546 
conformations of 10, 27 
free energy of formation of 6 
vapour-phase nitration of 551 
ethanoic acid see acetic acid 
ethanol, acidity of 43 
dielectric constant 64 
with chlorine 609 
ethanolamine, from ethylene 
oxide 303 
ethanonitrile see acetonitrile 
ethene see ethylene 
ethers, autoxidation of 556 
by nucleophilic substitution 103 
from organomercury 
compounds 203 
with boron tribromide 107 
with hydrogen iodide 106 


ethoxyacetylene 609 
ethoxyethane see diethyl ether 
ethyl acetate, self-condensation 
of 226 
with acetone 229 
with benzaldehyde 217 
with 3-pentanone 230 
ethyl acetoacetate see acetoacetic 
ester 
ethyl alcohol see ethanol 
ethyl benzoate, with 
acetophenone 230 
ethyl bromide, kinetics of hydrolysis 
of 52 
with benzene 364 
ethyl chloride, dipole moment of 32 
ethyl chloroacetate, in Darzens 
reaction 221 
ethyl chloroformate, with amines 317 
ethyl cinnamate, by Claisen 
reaction 217 
with malonic ester 240 
ethyl formate, in crossed Claisen 
condensations 228 
with ketones 230 
ethyl isobutyrate, self-condensation 
of 227 
ethyl nitrite, from ethanol 320 
ethyl orthoformate, with Grignard 
reagents 194 
ethyl! phenylacetate, with diethyl 
oxalate 227 
ethylbenzene, nitration of 350 
ethylene, dehydrogenation of 11 
energetics in the addition of 
hydrogen halides to 535 
free energy of formation of 6 
heat of hydrogenation of 9 
orbital structure of 22 
palladium(n)-ion catalyzed 
oxidation of 577 
with benzene 362 
with butadiene 270 
with diazomethane 278 
with dinitrogen tetroxide 552 
with t-butyl chloride 251 
ethylene oxide, from ethylene 591 
from ethylene chlorohydrin 111 
with amines 303 
with ammonia 303 
with ethylenediamine 718 
with Grignard reagents 194 
ethyleneimine, from 
ethanolamine 304 
ethyne see acetylene 
eucarvone, photochemical 
rearrangement of 509 
exaltolide, synthesis of 548 
exaltone, synthesis of 283 
excited singlet 496 


(E, E)-farnesol, synthesis of 579 
Favorskii rearrangement 449-450 
Feist~ Benary synthesis of furans 692 
Felkin—Anh model 150 
Fenton’s reaction 525 
Field’s method 614 
Fischer synthesis of indoles 689 
Fischer’s projection diagram 135 
flavin adenine dinucleotide 721 
fluorene 224 
fluorenone, by Pschorr reaction 418 
fluorescein, as sensitizer 512 
fluorescence 497 
fluorobenzene, electrophilic 
substitution in 353 
from aniline 412 
with phenyllithium 405 
fluoromethylation 369 
folic acid 719 
synthesis of 719 
formaldehyde, by dehydrogenation of 
methanol! 611 
in Cannizzaro reaction 654 
in chloromethylation 369 
in Mannich reaction 261-263 
polymerization of 258 
reaction with nitromethane 222 
with acetone and diethylamine 261 
with acetophenone and 
ammonia 263 
with acetylene 243 
with ammonia 307 
with Grignard reagents 191 
with 2-naphthol and 
dimethylamine 263 
with phenol and diethylamine 263 
with phenylacetylene and 
dimethylamine 263 
with potassium cyanide 245 
formaldehyde- melamine 
polymers 724 
formamidine, in synthesis of 
adenine 722 
in synthesis of pyrimidines 716 
formic acid, acidity of 44 
as reducing agent 670 
in Vilsmeyer formylation 373 
fragmentations 172 
fredericamycin A, retrosynthetic 
analysis of 772 
total synthesis of 772-778 
free energy 5 
of activation 58 
Friedel-Crafts acylation, of 
alkenes 254 
of aromatic compounds 365-368 
Friedlaender synthesis of 
quinolines 705 
Fries rearrangement 452-453 
frontier orbitals 124 


furan, chlorination of 386 
electrophilic substitution in 358 
from furfural 692 
mercuration of 388 
nitration of 377 
reduction of 693 
stabilization energy of 39 
structure of 39 
sulfonation of 382 
with benzyne 406 
with dimethyl 

acetylenedicarboxylate 276 
with maleic anhydride 272, 358 
with maleimide 273 

furans 692 
Feist-Benary synthesis of 692 
from 1,4-diketones 692 
with lead tetraacetate 685 

furfural, from pentoses 692 
natural sources of 692 


Gabricl’s method 302 
in synthesis of a-amino-acids 326 
in synthesis of penicillin V 741 
Gassman synthesis of indoles 690 
Gattermann formylation 37] -372 
mechanism of 371 
Gattermann-Koch formylation 370- 
371 
mechanism of 370 
gauche conformation 28 
geometrical isomerism 22 
geranyl acetate, synthesis of 576 
Gibbs free energy see free energy 
glucose, stereochemistry of 168 
synthesis of ascorbic acid from 587 
tetraacetyl-a-bromoglucose 
from 714 
glutamic acid, in proteins 324 
protection of carboxyl groups 
in 336-337 
synthesis of 328 
glycerol, quinoline from 703 
glycidic esters 221 
glycine, from malonic ester 329-330, 
443 
glycolonitrile, from 
formaldehyde 245 
Gomberg reaction 416 
gramine, conversion into 
heteroauxin 265 
conversion into ttyptophan 265 
from indole 263, 375 
Grignard reagents 186-196 
1,4-addition of 193 
isomerism of 188 
preparation of 186-187 
reactivity of 188-190 
reduction by 192 
structure of 186 


with acid chlorides 193 
with alcohols 188 
with aldehydes 191 
with alkyl halides 190 
with amides 194 
with amines 188 
with benzyl! halides 190 
with boron trichloride 196 
with cadmium chloride 203 
with carbon dioxide 195 
with esters 194 
with ethyl orthoformate 194 
with cthylene oxide 194 
with formaldehyde 19} 
with iodine 196 
with ketones 191 
with nitriles 194 
with oxygen 195 
with phosphorus trichloride 196 
with silicon tetrachloride 196 
with sulfates and sulfonates 190 
with sulfur 195 
with trimethylene oxide 194 
with water 188 
guanidine, basicity of 49 
from cyanamide 312 
in synthesis of guanine 722 
in synthesis of pyrimidines 716 
guanine 721 
synthesis of 722 


haemin 687 

haemoglobin 687 

N-haloanilides, rearrangement of 451 

haloforms, acidity of 48 

Hammett equation 63 

Hammett o-constants 63 

Hammond's postulate 61 

Hantzsch synthesis of pyridines 701 

Hantzsch synthesis of pyrroles 686 

hapto number 562 

heat content 5 

heat of formation 7 

heat of reaction 6 

Heck reaction 580-581 

Hell- Volhard- Zelinsky reaction 326 

hemiacetals 86 

Henry reaction 222 

heptanal, from I-heptano! 609 

heptanoic acid, by oxidation of 
heptanal 618 

1-heptanol, by reduction of 
heptanal 655 
oxidation of 609 

2-heptanol, by reduction of 2- 
heptanone 655 

heteroauxin 189 

heterolysis 73 

B-hexachlorocyclohexane, 
elimination from 171 
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hexamethylenediamine, formation of 
nylon from 243 
from acetylene 243 
hexamethylenetetramine, as oxidizing 
agent 614 
from formaidehyde and 
ammonia 307 
nitration of 724 
hexamethylphosphoric triamide, as 
solvent for Sy2 reactions 106 
dielectric constant 64 
hexanal 194 
hexane, by hydrogenolysis of 1- 
hexylamine 648 
hexanedioic acid see adipic acid 
2,5-hexanedione, aldol cyclization 
of 214 
with ammonia 308 
1-hexanol 194 
[,3,5-hexatriene, equilibrium with 
1,2-dihydrobenzene 123 
5-hexenyl radical, cyclization of 539 
highest occupied molecular 
orbital 124 
histidine, from imidazole-4- 
aldehyde 330 
in proteins 325 
HMPA see hexamethylphosphoric 
triamide 
Hoesch acylation 372-373 
Hofmann rearrangement 441-442 
mechanism of 442 
Hofmann rule 98 
Hofmann- L6ffler— Freytag 
reaction 553 
HOMO see highest occupied 
molecular orbital 
homolysis 72 
Huang-Minlon method 650 
Hunsdiecker reaction 535-536 
hybridization 21 
hydantoin 219 
hydantoins, from a-amino-esters 313 
hydration, of alkenes 203 
of alkynes 91 
of carbonyl compounds 89 
hydrazine, as reducing agent 649 
diimide from 634 
formation of hydrazones from 311 
pyridazines from 718 
with 1 ,3-dihalides 695 
with B-keto-esters 695 
with propenal 694 
hydrazines, by reduction of N-nitroso 
compounds 671 
oxidation of 623 
hydrazobenzene, by reduction of 
nitrobenzene 667 
oxidation of 623 
rearrangement of 453 
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hydrazones, from aldehydes and 
ketones 311 
reduction of 650 
hydroboration, mechanism of 
reaction with alkenes 485 
of alkenes 635 
of alkynes 639 
of carboxylic acids 660 
of nitriles 660 
hydroformylation 574 
hydrogen peroxide, in Dakin 
reaction 447 
in epoxidation 589 
oxidation of amines by 621-622 
oxidation of pnosphorus 
compounds by 626 
oxidation of thiols by 625 
with organoboranes 487-488 
hydrogen bonds 13, 34-35, 65 
strengths of 34 
hydrogenolysis, of acetals 647 
of alkyl halides 646-647 
of allylic compounds 645 
of amines 648 
of aryl halides 648 
of benzylic compounds 643-645 
of dithioacetals and ketals 650 
of ketals 647 
of thiol esters 663 
of toluene-p-sulfonates 646 
hydroperoxides, by autoxidation of 
hydrocarbons 556 
from allylic compounds 513 
from Grignard reagents 195 
rearrangement of 446-447 
hydrosilylation 480 
hydroxamic acids, from carboxylic 
esters 318 
hydrolysis of 318 
rearrangement of 444 
with iron(1t) ion 318 
a-hydroxy-acids, decarbonylation 
of 709 
a-hydroxy-aldehydes, dimers from 17 
B-hydroxy-aldehydes, by aldol 
reaction 209 
dehydration of 211 
B-hydroxy-esters, by Reformatsky 
reaction 218 
B-hydroxy-ketones, by aldol 
reaction 210 
o-hydroxybenzaldehyde see 
salicylaldehyde 
o-hydroxybenzoic acid _ see salicylic 
acid 
N-hydroxybenzotriazole 339 
in synthesis of ceftazidime 744 
hydroxylamine, with aldehydes and 
ketones 310-311 
with carboxylic esters 318 


with 1,3-dihalides 696 
with 1,3-diketones 696 
with 1,5-diketones 700 
with B-keto-esters 696 
with of-unsaturated carbonyl 
compounds 696 
hydroxylation, of aromatic 
compounds 387 
11-hydroxyprogesterone, 
retrosyathetic analysis of 768 
total synthesis of 769-771 
hydroxyproline, in proteins 325 
2-hydroxypropanoic acid see lactic 
acid 
hydroxypyridines, tautomerism 
of 683 
hydroxypyrimidines, tautomerism 
of 683 
8-hydroxyquinoline 703 
hyperconjugation 33-34 


ibogamine, total synthesis of 762- 
763 
imidazole 682 
acidity of 682 
basicity of 682 
electrophilic substitution in 682 
imidazoles 695 
synthesis of 695 
imidazolidines, from 1 ,2- 
diamines 696 
imidazolines, from 1,2-diamines 696 
imides, acidity of 46 
reduction of 669 
immonium salts, in Mannich 
reactions 263 
indanenin-12-one, synthesis of 580 
indene 224 
indicators 425 
indole 39 
electrophilic substitution in 359 
formylation of 373 
from pyruvic acid 
phenylhydrazone 689 
Mannich reaction on 263, 375 
sulfonation of 382 
with Grignard reagents 189 
indole-3-aldehyde, from indole 373 
indoles 689-691 
Bischler synthesis of 690 
Fischer synthesis of 689 
from N-chloroanilines 472 
Madelung synthesis of 689 
Reissert synthesis of 690 
inductive effect, scale of 29, 30 
ingrain dyes 424 
inhibitors, of free-radical 
reactions 530 
intermolecular rearrangements 121 
internal conversion 497 


internal rotation 10 
intersystem crossing 498 
intramolecular rearrangements 79, 
121-123 
stereochemistry of 165 
iodide ion, as nucleophilic 
catalyst 107 
iodination, of aromatic 
compounds 385 
iodobenzene, electrophilic 
substitution in 353 
from benzene 385 
with chlorine 626 
j-iodabutane, hydrogenolysis of 646 
with sodium cyanoborohydride 646 
iododecarboxylation 536 
iodomethylation 369 
o-iodophenol, from phenol 388 
iodosobenzene, from 
iodobenzene 626 
iodylbenzene, from iodobenzene 626 
a-ionone, from y-ionone 253 
B-ionone, from y-ionone 253 
ipso substitution 345 
in arylsilanes 480 
iron, organic compounds of 571-573 
isatin, in Pfitzinger synthesis of 
quinolines 705 
isobutane, autoxidation of 556 
radical-catalyzed bromination 
of 532 
radical-catalyzed chlorination 
of 531 
vapour-phase nitration of 551 
isobutylene, acid-catalyzed 
polymerization of 252 
photochemical reaction with 
benzophenone 501 
self-condensation of 252 
with carboxylic acids 332 
isocyanates, by Curtius 
rearrangement 443 
by Hofmann rearrangement 442 
in cycloadditions 282 
polymers from 313 
with alcohols 442 
with amines 313 
with water 442 
isocyanides, from primary amines 
304 : 
isodehydroacetic acid 710 
isodurene 190 
isoindole 691 
isoleucine, in proteins 324 
synthesis of 328 
cis, trans-isometization 505 
isooctane, from isobutylene 252 
isoprene, reduction of 637 
isopropanol, dehydrogenation of 
613 


isopropyl bromide, with silver nitrite 
305 
isopropylbenzene see cumene 
isoquinoline 39 
electrophilic substitution in 359 
nitration of 379 
nucleophilic substitution in 398 
sulfonation of 382 
isoquinolines, Bischler—Napieralski 
synthesis of 706 
Pictet—Spengler synthesis of 707 
Pomeranz- Fritsch synthesis of 707 
Schlittler—Muller synthesis of 708 
isothiazole, electrophilic substitution 
in 682 
synthesis of 697 
isothiazoles 697 
isothiocyanates, from thioureas 315 
with amines 315 
with ammonia 315 
isoxazole, electrophilic substitution 
in 682 
isoxazoles 696 
from B-diketones 312 
synthesis of 696 
isoxazolidines 696 
isoxazolines, by 1,3-dipolar 
addition 279 


Japp-Klingemann reaction 422 
Jones’ reagent 612, 618 
Julia reaction 476 


Kekulé structures 36 
ketals, hydrogenolysis of 647 
ketene, dimerization of 282 

from diazoketones 437 

in cycloadditions 281-283 

with diazomethane 437 
a-keto-acids, via Claisen 

condensation 228 

B-keto-acids, decarboxylation of 296 

from esters and acid chlorides 227 
ketocarbenes, from a-diazoketones 

519 

B-ketoesters, alkylation of 238 

by Claisen condensation 226, 

229-231 

hydrolysis of 238 

pyridines from 701-702 

with aromatic amines 705 

with a-chloroketones 686, 692 

with hydrazine 695 

with hydroxylamine 696 

with phenylhydrazine 312 
a-ketols, from epoxides 590 

from ketones 557 

oxidation of 620 

see also acyloins 
ketones, acid-catalyzed self- 


condensation of 256-257 
aldol reactions of 210 
alkylation of 233-235 
Baeyer- Villiger oxidation of 445- 
446 
basicity of 50 
by hydroboration 489, 491 
by oxidation of secondary 
alcohols 612-613 
condensations with esters 229 
enamines from 231 
from acetoacetic ester 238 
from acyl-iron complexes 571-572 
from alkenes 578 
from alkynes 91, 204 
from Grignard reagents 194-195 
from organoboranes 489-490 
from organocadmium 
compounds 203 
from organolithium 
compounds 199 
oxidation of 618-620 
photochemical dimerization of 499 
photochemical reactions with 
alkenes 500-502 
reduction of 649-656 
with acid chlorides 259 
with alkylidenephosphoranes 460- 
461 
with amines 309-310 
with ammonia 306 
with anhydrides 259 
with carboxylic esters 229 
with |,2-diamines 696 
with diazomethane 436 
with diethyl succinate 220 
with 1,2-diols 90 
with ethyl formate 230 
with Grignard reagents 191 
with a-halo-esters 221 
with hydrazine and derivatives 311 
with hydrogen cyanide 245 
with hydroxylamine 310 
with organolithium compounds 198 
with thiols 90 
kinetic control 68 
Knoevenagel reaction 224 
Knorr synthesis of pyrroles 686 
Kolbe electrolysis 545-546 
in synthesis of phytol 746 
Kolbe-Schmitt carboxylation 375 
mechanism of 375 
Kornblum’s reaction 610 
Krohnke reaction 615 
Kuhn- Roth oxidation 605 


lactic acid, absolute configuration 
of 144 
from acetaldehyde 246 
stereochemistry of 134 
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lactides 96 
lactones, by Baeyer-Villiger 
oxidation 446 
lactonization 66 
LDA, basicity of 207 
in formation of dienediolates 240 
in stereoselective aldol 
teactions 215 
with esters 236, 227 
with 2-methylcyclohexanone 209, 
234 
with 2-pentanone 213 
lead tetraacetate, as homolytic 
methylating agent 544 
as oxidizing agent for carboxylic 
acids 620 
oxidation of 1,2-diols by 615-616 
with furans 685 
leaving group 73 
Lemieux reagents 595 
leucine, from malonic ester 326 
in proteins 324 
Leuckart reduction 670 
Lewis acids 43 
ligand insertion and deinsertion 564 
Lindemann theory of first-order 
reactions 56 
Lindlar’s catalyst 639 
linear free-energy relationship 63 
lipoic acid see thioctic acid 
lithium, organic compounds 
of 197-200 
lithium aluminium hydride, 
preparation of 651 
reduction of aldehydes and ketones 
by 651-652 
reduction of carboxylic acids and 
derivatives by 657-659 
reduction of epoxides by 656. 
reduction of a-hydroxyalkynes 
by 640 
reduction of nitro compounds 
by 666 
reduction of ozonides by 594 
reduction of strained cyclic ethers 
by 652 
reduction of aB-unsaturated 
carbonyl compounds by 638 
lithium diethoxyaluminium hydride, 
reduction of amides and nitriles 
by 665 
lithium diisopropylamide see LDA 
lithium tri-t-butoxyaluminium 
hydride, reduction of acid 
chlorides by 664 
local anaesthetics 267 
localized bonds 24 
Lossen rearrangement 444 
lowest unoccupied molecular 
orbital 125 
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luciduline, total synthesis of 279~280 
LUMO. see lowest unoccupied 
molecular orbital 
lysine, in proteins 324 
protection of ¢-amino group in 337 
synthesis of 328 


Madelung synthesis of indoles 689 
magnesium, organic compounds 
of see Grignard reagents 
maleic acid, catalytic reduction of 631 
maleic anhydride, by oxidation of 
benzene 596 
with anthracene 272 
with butadiene 271 
with furan 272, 358 
with pyrrole 358 
malonic acid, from chloroacetic 
acid 244 
with benzaldehyde 225 
malonic ester, alkylation of 236 
in synthesis of a-amino-acids 326 
in syathesis of pyrimidines 717 
with aldehydes 241 
with bromine 237 
with 1-bromoheptane 236 
with 1,3-dibromopropane 237 
with ethyl cinnamate 240 
with iodine 237 
with methy! bromide 236 
manganese dioxide, as oxidizing agent 
for allylic alcohols 613 
Mannich bases, synthetic uses 
of 264-266 
Mannich reaction 261-264, 375-376 
mechanism of 261 
Markovnikov’s rule 59 
McFadyen-Stevens reduction 662 
Meerwein reaction 415 
Meerwein-Ponndorf- Verley 
reaction 130, 654 
melamine 723 
polymers from 724 
mercaptans _ see thiols 
mercuration of aromatic 
compounds 388 
mercury, organic compounds of 203 
Merrifield method 339 
mesitaldehyde, by formylation of 
mesitylene 372 
mesitol, by hydroxylation of 
mesitylene 387 
mesitylene, bromination of 386 
formylation of 372 
hydroxylation of 387 
nitration of 377 
with 2,4,6- 
trinitrobenzenediazonium 
salts 424 


meso isomer 141 
mesomeric effect 32 
mesomerism 32 
metaldehyde, from acetaldehyde 257 
metallocycles 567 
methanal see formaldehyde 
methane, energetics of halogenation 
of 530~531 
heat of combustion of 7 
radical-catalyzed chlorination 
of 531 
structure of 27 
methanoic acid see formic acid 
methanol, bond energy of 7 
dehydrogenation of 611 
dielectric constant 64 
with ammonia 303 
methionine, from malonic ester 327 
in proteins 324 
synthesis of 329 
methoxybenzene see anisole 
6-methoxytryptamine 733 
methyl acrylate, with 
diazomethane 278 
methyl a-methacrylate, from 
acetone 246 
methyl benzoate; nitration of 378 
methyl bromide, with malonic 
ester 236 
methyl chloride, from methane 531 
structure of 27 
methyl chloromethyl! ether, hydrolysis 
of 108 
2-methyl-1-decalone, from 1- 
decalone 234 
9-methyl-1-decalone, from 1- 
decalone 231 
methyl homodaphniphylate, total 
synthesis of 778-783 
methyl iodide, transition state in 
hydrolysis of 65 
with hydrazine 306 
methyl nitrate, from emthanol 323 
methyl nitrolic acid, from 
nitromethane 320 
N-methyl-N-nitrosoaniline, 
rearrangement of 451 
methyl orange 425 
methyl red 425 
methyl t-butyl ketone see 
pinacolone 
methyl vinyl ether, addition of 
hydrogen chloride to 85 
hydrolysis of 86 
methyl vinyl ketone see butenone 
methylamine, basicity of 49 
from methanol 303 
with phenyl isocyanate 313 
with potassium cyanate 313 


N-methylaniline, as protective 
reagent 231 
methylbenzene see toluene 
trans-2-methylcyclohexanol, from 1- 
methylcyclohexene 487 
2-methyicyctohexanone, from 
cyclohexanone 234 
with LDA 209 
1-methytcyclopentene, with 
diborane 485 
methylene 102 
o-methythydroxylamine 77 
with Grignard reagents 196 
methy!malonic ester, from malonic 
ester 236 
2-methylpyridine, with 
benzaldehyde 260 
with formaldehyde and 
dimethylamine 263 
with phenyllithium 197 
N-methylurea, from 
methylamine 313 
Michael reaction 240-241 
Mitsunobu reaction 467 
mixed anhydrides, in peptide 
synthesis 338 
molecular orbitals 20 
molecular-orbital theory 20 
monastrol fast blue 691 
monoisopinocampheylborane, from 
a-pinene 486 
in enantioselective reduction 488 
mordant dyes, 425 
morpholine, from 
diethanolamine 677 
Mozingo reduction 650 
mutarotation 169 


2-naphthaldehyde, from 2- 
naphthonitrile 665 
from-2-naphthoy! chloride 663 
naphthalene, acetylation of 368 
bond lengths in 37 
bromination of 386 
chloromethylation of 370 
electrophilic substitution in 355 
Kekulé structures for 37 
nitration of 377 
oxidation by chromium(vt) 
oxide 596 
oxidation over vanadium 
pentoxide 596 
ozonolysis of 596 
reduction of 642 
stabilization energy of 9, 37 
sulfonation of 68, 383 
with phthalic anhydride 369 
naphthalenesulfonic acids 68, 383 
2-naphthoic acid, from 


naphthalene 619 
1-naphthol, oxidation of 597 
reduction of 643 
2-naphthol, electrophilic substitution 
in 356 
in Bucherer reaction 407 
hitrosation of 380 
with diazonium salts 422, 424 
with formaldehyde and 
dimethylamine 263 
with p-nitrobenzenediazonium 
salts 424 
1,2-naphthoquinone, from 2- 
naphthol 426 
from 1-amino-2-naphthol 599 
1,4-naphthoquinone, from 
naphthalene 597 
2-naphthylamine, by Bucherer 
reaction 407 
neighbouring-group participation 111 
Nenitzescu syathesis of indoles 691 
neohexyl chloride, from t-butyl 
chloride 253 
neomenthyl chloride, elimination 
from 171 
neopentyl bromide 105 
from trimethylacctic acid 536 
hydrolysis of 121 
neopentyl cation, rearrangement 
of 79 
neopentyl iodide 196 
Newman projection 27, 136 
nickel, organic complexes of 575-577 
nickel tetracarbonyl, in 
synthesis 575-577 
nicotinamide 699 
nicotine 699 
nicotinic acid, from nicotine 601 
from quinoline 596 
nitration, of aliphatic carbon 323 
of alkanes 551 
of aromatic compounds 376-379 
nitrenes, from azides 520 
reactions of 520 
nitrile imines, in 1,3-dipolar 
additions 279 
synthesis of 278 
nitrile oxides, in 1,3-dipotar 
additions 279 
synthesis of 278 
nitriles, basicity of 49 
by dehydration of aldoximes 311 
from diazonium salts 413 
hydrolysis of 90 
in base-catalyzed 
condensations 223 
in Hoesch acylation 372-373 
reduction of 658, 660, 665-666 
with ammonia 312 


with carbocations 302 
with Grignard reagents 194 
nitro compounds, by nitration of 
alkanes 551 
by nitration of aromatic 
compounds 376-379 
from alkenes and alkynes 551 
from alkyl halides 305 
from diazonium salts 413 
in base-catalyzed 
condensations 222 
reduction of 666-668 
tautomerism in 14 
nitro group, inductive effect of 30 
mesomeric effect of 32 
structure of 31 
m-nitroaniline, from m- 
dinitrobenzene 668 
o-nitroaniline, from acetanilide 382 
from o-dinitrobenzene 403 
from phenylnitramine 453 
p-nitroaniline, diazotization of 410 
p-nitroanisole, photochemical 
substitution of 514 
o-nitrobenzaldehyde, with 
acetone 705 
with phenylacetic acid 417 
p-nitrobenzaldehyde, from p- 
nitrotolucne 601 
nitrobenzene, bromination of 386 
by nitration of benzene 377 
chlorination of 392 
electrophilic substitution in 351 
hydroxylation of 396 
nitration of 378 
nucicophilic substitution in 396 
photochemical substitution of 514 
reduction of 666 
sulfonation of 382 
with potassium diphenylamide 398 
p-nitrobenzoic acid, acidity of 63 
p-nitrochlorobenzene, hydrolysis 
of 118 
p-nitrocinnamic acid, by Perkin 
reaction 218 
nitrocthylene, with hydrogen 
chloride 84 
nitrofuran, from furan 377 
nitromethane, acidity of 47 
from chloroacetic acid 305 
nitrosation of 320 
rate of ionization of 62 
with benzaldehyde 223 
with formaldehyde 222 
1-nitronaphthalene, from 
naphthalene 377 
nitrones, synthesis of 278 
nitronium ion, in aromatic 
nitration 376 
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m-nitrophenol, acidity of 45 
from m-nitroaniline 411 
o-nitrophenol, chelation in 35 
from o-dinitrobenzene 403 
from phenol 393 
p-nitrophenol, acidity of 45 
(rom p-chloronitrobenzene 397 
from phenol 393 
2-nitropropane, from isopropyl 
bromide 305 
3-nitropyridine, from pyridine 379 
4-nitropyridine, from pyridine N- 
oxide 379 
nilrosation, of enols 319 
of aromatic compounds 380 
nitroso compounds, from aromatic 
amines 622 
from hydroxylamines 622 
oxidation of 622 
teduction of 671 
tautomerism of 14 
N-nitrosoacylarylamines 417 
nitrosobenzene, from 
phenylthydroxylamine 622 
p-nitrosodimethylaniline, from NN- 
dimethylaniline 380 
in Krohnke reaction 615 
with 2 4-dinitrotoluene 323-324, 
601 
nitrosonium ion, in aromatic 
nitrosation 380 
in nitrosation of enols 319 
nitrostyrene, from benzaldehyde 223 
with butadiene 271 
2-nitrothiophen, from thiophen 377 
o-nitrotoluene, with diethyl 
oxalate 690 
norbornadicne 159 
from cyclopentadiene and 
acetylene 271 
photosensitized cyclization of 507 
norbornene, anii-addition to 83 
hydroboration of 485 
photochemical addition to 501 
with diborane 485 
Norrish Type I process 515 
Norrish Type Wf process 516 
nortricyclane 159 
nucleic acids 716 
nucleophiles 75, 103-104 
nucleophilic radicals 527 
nucleophilic reagent 75 
6,6-nylon 243 


octacarbonyldicobalt, in 
synthesis 573 

octalin, from naphthalene 642 

2,7-octanedione, aldol cyclization 
of 214 
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l-octene, with acetaldehyde 537 
with ethanol 538 
olefins see alkenes 
oleic acid 242 
Oppenauer oxidation 612 
optical activity 134 
optical isomerism 134 
orange IF 424 
orbital symmetry 124 
order of reaction 52 
organoboranes 483-493 
from alkenes 483-486 
from alkynes 485 
isomerization of 486 
with alkaline hydrogen 
peroxide 487-490 
with carbon monoxide 488-489 
with carboxylic acids 635, 639 
with chloramine 488 
with cyanide ion 490 
with hydroxylamine-O-sulfonic 
acid 488 
organocadmium compounds 203 
organochromium compounds 568- 
571 
from organic halides 568 
with aldehydes and ketones 568- 
569 
organocobalt compounds 573-575 
organocopper compounds 
with acid halides 201 
with alkyl halides 202 
with epoxides 202 
with aB-unsaturated carbonyl 
compounds 201 
with unsaturated halides 202 
Organoiron compounds 571-573 
organolithium compounds 197-200 
by metallation 197 
from alkyl halides 197 
with alkenes 199 
with alkyl halides 197 
with carbon dioxide 199 
with carbonyl compounds 198 
with aB-unsaturated ketones 198 
organomagnesium compounds see 
Grignard reagents 
organometallic compounds, 
preparation of 185 
structure of 185-186 
organopalladium complexes 577-578 
organorhodium compounds 575 
organosilicon compounds, with 
aldehydes and ketones 476 
organosodium compounds 196 
organotitanium compounds 565-568 
organozinc compounds 204 
osmium tetroxide, oxidation of 
alkenes by 591-592 


oxaspiropentanes, rearrangement 
of 469 
synthesis of 469 
oxasulfonium salts, rearrangement 
of 471 
oxazole, electrophilic substitution 
in 682 
oxazoles, synthesis of 697 
oxazolidines, synthesis of 697 
oxazolines, synthesis of 697 
oxazolones, formation during peptide 
synthesis 331 
oxidative addition 401, 563 
oxidative coupling, of alkynes 546- 
548 
of phenols 597 
of stilbene 513 
oxidative decarboxylation 620-621 
N-oxides, by oxidation of tertiary 
amines 622 
deoxygenation of 379 
oximes, from aldehydes and 
ketones 310 
from primary amines 621 
geometrical isomerism of 23 
rearrangement of 444~445 
reduction of 670 
tautomerism in 14 
via C-nitrosation 321 
oxine 703 
11-oxoprogesterone, retrosynthetic 
analysis of 764 
total synthesis of 764-768 
ozonides 593 
hydrolysis of 593 
reduction of 594 
ozonolysis 593-594 


Paal—Knorr synthesis of pyrroles 685 
palladium, as catalyst for 
dehydrogenation 606 
as catalyst for hydrogenation 631 
organic complexes of 577-578 
papaverine, synthesis of 707 
parared 424 
paracyclophanes, stereoisomerism 
in 143 
paraffins see alkanes 
paraformaldehyde, from 
formaldehyde 258 
paraldehyde, from acetaldehyde 257 
partial rate factors 350 
in chlorination and nitration of 
alkylbenzenes 350 
in nitration of polycyclic 
hydrocarbons 357 
Paterno-Biichi reaction 500 
Pauson-Khand reaction 573 
penicillamine, synthesis of 740 


penicillin V, total synthesis of 740-742 
penicillins 739 
retrosynthetic analysis of 740 
l-pentene 190 
t,4-pentadiene, photosensitized 
cyclization of 507 
pentaerythritol, by aldol reaction 212 
oxidation of 611 
2,4-pentanedione, acidity of 47 
by Claisen condensation 229 
enol tautomer 12 
from acetone and acctic 
anhydride 259 
3-pentanone, with ethyl acetate 230 
peptides, step-wise synthesis of 331 
structure of 324 
synthetic methods for 331-342 
perhydrophenanthrenc, 
stereoisomerism of 158 
periodic acid, 
oxidation of alkenes by 595 
oxidation of 1,2-diols by 615-617 
Perkin reaction 218 
peroxides, photochemical 
decomposition of 515 
thermal decomposition of 523-524 
peroxyacids, as epoxidizing 
agents 589 
in Baeyer-Villiger oxidation 445- 
446 
oxidation of amines by 622 
peroxyoxalates, decomposition 
of 524 
Perspex 543 
perylene, electrophilic substitution 
in 357 
Pfitzinger synthesis of quinolines 705 
phase-transfer catalysis 290 
phellogenic acid 547 
phenanthrene, by Bogert~Cook 
method 362 
by photooxidative coupling 513 
by Pschorr method 417 
electrophilic substitution in 357 
Kekulé structures for 38 
ozonolysis of 596 
stabilization energy of 38 
phenethylamine, from benzyl 
cyanide 661 
in synthesis of isoquinolines 706 
phenol, acidity of 44 
bromination of 386 
carboxylation of 375 
chlorination of 385 
electrophilic substitution in 352 
from chlorobenzene 399 
from cumene hydroperoxide 446 
mercuration of 388 
nitration of 377, 393 


Reimer—Tiemann formylation 
ot 374 
sulfonation of 382 
tautomerism of 13 
with phthalic anhydride 366 
phenolphthalein 366 
phenols, acidity of 45 
from aryl halides 399-400 
{rom diazonium salts 411 
from sulfonic acids 403 
hydrogenolysis of 648 
in Bucherer reaction 407 
in Hoesch reaction 372-373 
in Mannich reaction 263, 375 
oxidation of 597 
tautomerism of 13 
with diazonium salts 421~422 
with iron(tt) ion 525 
phenonium ion 122, 431 
phenyl acetate, Fries rearrangement 
of 452 
phenyl! isocyanate, with 
methylamine 313 
phenyl propionate, Fries 
rearrangement of 453 
phenyl radical 120 
from dibenzoyl peroxide 524 
with aromatic compounds 543-545 
phenylacetic acid, in Pschorr 
reaction 417 
phenylacetylene, in Mannich 
reaction 263 
oxidation of 547 
phenylalanine, by Erlenmeyer 
synthesis 219 
from benzaldehyde 330 
in proteins 325 
1-phenylallyl alcohol, anionotropy 
of 15 
phenylamine _ see aniline 
phenylation, of benzenoid 
compounds 544 
o-phenylenediamine, diazotization 
of 421 
phenylethanone see acetophenone 
phenylethene see styrene 
phenylhydrazine, from aniline 420 
oxidation of 623 
with acetoacetic ester 312 
with aldehydes and ketones 311 
phenylhydrazones, from aldehydes 
and ketones 311 
phenylhydroxylamine, acid-catalyzed 
rearrangement of 452 
by reduction of nitrobenzene 667 
oxidation of 622 
2-phenylindole, from acetophenone 
phenythydrazone 689 
phenyllithium, metal-exchange 


reactions with 197 
with fluorobenzene 405 
with pyridine 399 
phenylnitromethane, from benzyl 
cyanide 323 
from toluene 551 
2-phenylpropane see cumene 
3-phenylpropenoic acid see 
cinnamic acid 
2-phenylpyridine, from pyridine 200 
phenylsulfamic acid, rearrangement 
of 453 
phenyltrimethyisilane, with acids 
345 
phloroacetophenone, from 
phloroglucinol 373 
phosphorescence 498 
phosphorus ylides 459 
photoaddition 500-505 
photochemical aromatic 
substitution 513-514 
photochemical cyclizations 506-509 
photochemical dimerization 503-505 
photochemical fragmentation 515 
photochemical generation of free 
radicals 515, 524 
photocyclization 506-509 
intramolecular 506-509 
photodimerization 503-505 
photoisomerization 505 
photooxidation 511~513 
of alcohols 511 
photorearrangement 505, 509 
photoreduction 499-500 
photosensitization 502 
phthalaldehyde 665 
in Witting reaction 464 
phthalic anhydride, from 
naphthalene 596 
phthalocyanins from 691 
with naphthalene 369 
with phenol 366 
phthalimide, from phthalic 
anhydride 317 
Hofmann bromination of 442 
with alkyl halides 303 
phthalocyanines 691 
phytol, synthesis of 746 
picric acid, from phenol-2,4- 
disulfonic acid 390 
picryl chloride see 2,4,6- 
trinitrochlorobenzene 
Pictet-Spengler synthesis of 
isoquinolines 707 
pinacol, from acetone 656 
pinacol rearrangement, acid- 
catalyzed mechanism 433 
base-catalyzed 435 
stereochemistry of 434 
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pinacolone, Baeyer- Villiger 
oxidation of 446 
by pinacol rearrangement 433 
oxidation by bromine in alkali 619 
pinacols, by reduction of ketones 656 
rearrangement of 433 
see also, 1,2-diols 
pinacyanol, from 2- 
methylquinoline 261 
a-pinene, hydroboration of 486 
with hydrogen chloride 430 
B-pinene, radical-catalyzed addition 
to 528 
plane of symmetry 135 
plasmoquin 703 
platinum, as catalyst for 
oxidation 611 
as catalyst for reduction 631 
polar aprotic solvents 65 
polymerization, of alkenes 542-543 
of isocyanates 313 
of methyl methacrylate 543 
of styrene 543 
of vinyl chloride 543 
polyphenyls, stereoisomerism of 143 
polystyrene 543 
polyurethane foams 313 
polyvinyl chloride 543 
polyynes, by oxidative coupling of 
alkynes 548 
Pomeranz- Fritsch synthesis of 
isoquinolines 707 
porphin 687 
porphyrins 687-688 
from dipyrrylmethenes 688 
potassium permanganate, oxidation 
of alkanes by 605 
oxidation of alkenes by 592 
precalciferol, from ergosterol 506 
thermal isomerization of 292 
prefulvene 510 
prenylation 294, 578 
Prévost reaction 593, 760 
Prins reaction 255 
prismanes 510 
probability factor 56 
Procion dyes 723 
projection diagrams 135 
proline 325 
propanal see propionaldehyde 
propanedioic acid see malonic acid 
1-propanol, oxidation of 608 
2-propanol see isopropanol 
propanone see acetone 
propenal, by aldol condensation 212 
by oxidation of propylene 600 
in Skraup synthesis 703 
with acetamidomalonic ester 328 
with butadiene 123, 271 
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propenal, cont'd 
with hydrazine 694 
propene see propylene 
propionaldehyde, from 1- 
propanol 608 
o-propiophenol, from phenyl 
propionate 453 
propiophenone, nitration of 392 
propylene, addition of hydrogen 
chloride to 59 
disproportionation of 567 
electrophilic addition to 83 
heat of hydrogenation of 9, 34 
hyperconjugation in 33 
oxidation of 600 
photochemical reaction with 
benzophenone 501 
radical-catalyzed addition of 
hydrogen bromide to 534 
with diborane 484 
with nitry! chloride 552 
propyne, addition of hydrogen 
bromide to 535 
prostaglandins 754 
prostaglandin E,, total synthesis 
of 755-762 
prostaglandin F.,, total synthesis 
of 755-762 
prototropy 15 
Pschorr synthesis 417 
pseudopelletierine 267 
pteridine, synthesis of 719 
pteridines 719 
synthesis of 719 
Pummerer’s ketone, from p- 
cresol 597 
purines 720-723 
pyrans, synthesis of 708 
pyrazine, electrophilic substitution 
in 682 
pyrazines, synthesis of 718 
pyrazole, acidity of 682 
basicity of 682 
electrophilic substitution in 682 
from malondialdehyde 
diacetal 694 
relationship to pyrrole 682 
pyrazoles 694-695 
pyrazolidine, from 1,3- 
dibromopropane 695 
pyrazoline, by 1,3-dipolar 
addition 278 
from ethylene 694 
from propenal 694 
pyrazolines, by 1,3-dipolar 
addition 279 
from B-keto-esters 312 
pyrazolone 
pyrene, electrophilic substitution 
in 357 


pytidazine, basicity of 682 
electrophilic substitution in 682 
pytidazines, synthesis of 718 
pyridine, as nucleophile 107 
basicity of 682 
bromination of 386 
electrophilic substitution in 359 
nitration of 359, 379 
nucleophilic substitution in 397 
structure of 39 
sulfonation of 382 
with butyllithium 399 
with phenyllithium 200, 399 
with potassium hydroxide 399 
with sodamide 399 
pyridine N-oxide 77 
as oxidizing agent 611 
nitration of 379 
pyridines 699-703 


from aldehydes and ketones 700-701 


from 1,3-dienes 702 
from 1,3-dienes 702 
from 1,5-diketones 700 
from furans 702 
from natural sources 699 
from pyrones 702 
Hantzsch synthesis of 701 
reduction of 703 
pyridinium chlorochromate, as 
oxidizing agent 612 
pyridinium-1-sulfonate, from 
pyridine 381 
sulfonation by 381 
pyridones, tautomerism of 683 
pyridoxol 699 
pyrimidine 39 
basicity of 682 
electrophilic substitution in 682 
nucleophilic substitution in 398 
pyrimidines 715-717 
synthesis of 716-717 
pyrones, synthesis of 709 
pyrrole 39 
acid-catalyzed trimerization of 358 
basicity of 49 
bromination of 386 
carboxylation of 375 
chlorination of 386 
electrophilic substitution in 357 
formylation of 374 
from acetylene 684 
from furan 684 
from mucic acid 684 
from succinimide 684 
in Mannich reaction 375 
iodination of 386 
nitration of 377 
reduction of 693 
sulfonation of 382 
with Grignard reagents 189 
with maleic anhydride 358 


pyrrole-2-aldehyde, from pyrrole 374 
pyrrole-2-carboxylic acid, from 
pyrrole 189 
pyrroles 684-687 
from 1 ,4-dicarbonyl 
compounds 685 
from B-keto-esters 322 
Hantzsch synthesis of 686 
in Mannich reaction 375 
Knorr synthesis of 686 
Paal- Knorr synthesis of 685 
with diazonium salts 423 
with formic acid 687 
pyrrolidine, from 
tetramethylencdiamine 304 
pyrylium perchlorate, from glutaconic 
aldehyde 713 
pyrylium salts 713 


quadricyclane, from 
norbornadicne 507 
quaternary ammonium salts, 
formation of 103, 302 
Hofmann elimination from 98 
stereochemistry of 139 
quercetin, synthesis of 712 
quinol, oxidation of 598, 589 
quinoline, by Skraup synthesis 362, 
703 
Conrad-Limpach synthesis of 705 
electrophilic substitution in 359 
nitration of 379 
nucleophilic substitution in 398 
Pfitzinger synthesis of 705 
Skraup synthesis of 703 
sulfonation of 382 
quinolines 703-706 
D6bner-von Miller synthesis 
of 704 
Friedlaender synthesis of 705 
quinones, as dehydrogenating 
agents 607 
oxidation of allylic alcohols by 613 
quinoxalines, from 0-diamines 309 


R,S-nomenclature 138 
racemates 144 
racemic compound 145 
racemic mixture 144 
racemic solid solution 145 
racemization, mechanisms of 145- 

147 

of biphenyls 142 
radical pairs 79 
Raney nickel 130 

as catalyst for hydrogenation 631, 

640 

preparation of 631 
rate-determining step 53 
ortho: para-ratios in aromatic 


substitution 351 
rearrangements, in additions to 
alkenes 431 
in Friedel-Crafts alkylation 364 
in Gattermann-Koch 
formylation 371 
in solvolysis of alkyl 
halides 430-432 
of a-acetylenic alcohols 440 
of acid azides 443 
of alkanes 438-439 
of allyl and benzyl ethers 449 
of allylic alcohols 15 
of aryl esters 452-453 
of benzils 435-436 
of carbocations 430-433 
of diazoaminobenzene 421 
of diazoketones 437 
of 1,2-diols (pinacols) 433-435 
of free radicals 528 
ofa-haloketones 449--450 
of hydrazobenzenes 453 
of hydroperoxides 446-447 
of hydroxamic acids 444 
of hydroxybenzaldehydes 447 
of N-alkylanilines 451! 
of N-alkyl-N-nitrosoanilines 451 
of N-arylazoanilines 451 
of N-arylhydroxylamines 452 
of N-bromoamides 442 
of oximes 444-445 
of phenyl allyl ethers 295 
of phenylnitramines 453 
of phenylsulfamic acids 453 
of quaternary ammonium salts 448 
of sulfonium salts 470-473 
reductive amination 308, 670 
reductive elimination 563 
Reformatsky reaction 217-218 
Reimer-Tiemann reaction 374-375 
mechanism of 374 
Reissert compounds, hydrolysis 
of 664 
Reissert synthesis of indoles 690 
reserpine, natural sources of 728 
retrosynthetic analysis of 729 
total synthesis of 728-735 
resonance, conditions for 25-26 
energy 25 
hybrids 23 
resonance structures 23 
retro-ene reaction 296 
retrosynthetic analysis 679 
in synthesis of a pyrrole 684 
reversed polarity, of carbonyl 
compounds 474 
thodanine 219 
rhodium, organic compounds of 575 
riboflavin 720 
synthesis of 720 


ribonuclease 341 
ribonucleic acids 716 
ribose, in syathesis of riboflavin 720 
synthesis of adenosine 
phosphates 736 
Riley reaction 602 
ring contraction, by Favorskii 
reaction 450 
in dehydration of alcohols 432 
ring expansion, by Baeyer - Villiger 
oxidation 446 
by Beckmann rearrangement 445 
of ketones with diazomethane 437 
ring-opening metathesis 
polymerization 567 
Ritter reaction 302 
Robinson’s ring extension 265 
Rose Bengal, as sensitizer 512 
Rosenmund reduction 663 
rotational entropy 9 
Rupe rearrangement 440 


saccharic acids, stereoisomers of 141 
saccharin, synthesis of 698 
salicylaldehyde, anthocyanidins 
from 713 
coumarin from 711 
from phenol 374 
with acetophenone 258 
with hydrogen peroxide 447 
salicylic acid, bromination of 345, 389 
from phenol 375 
samarium(t) iodide, as reducing 
agent 542 
Sandmeyer reaction 412 
a-santalene, synthesis of 576 
sawhorse projection 136 
Saytzeff rule 97 
Schiemann reaction 412 
Schlittler— Miller synthesis of 
isoquinolines 708 
Schlosser modification of Wittig 
reaction 463 
Schmidt reaction 443 
selenium, as dehydrogenating 
agent 606 
selenium dioxide, as oxidizing 
agent 600, 602 
oxidation of alkenes by 600 
semibullvalene, from barrelene 507 
semicarbazones, from aldehydes and 
ketones 311 
semiquinone radicals 598 
sensitizers 502 
serine, by Strecker reaction 329 
in proteins 324 
Sharpless reaction 589 
sigmatropic rearrangements 290-295 
photochemically induced 509 
silicon, organic compounds of 476 
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silver oxide, as oxidizing agent 618 
silyl enol ethers, alkylation of 235 

in acyloin reactions 550 

in Diels— Alder reactions 275 

in stereoselective aldol 

reactions 216 

silyl epoxides 482 
singlet oxygen 512 
skew-boat conformation 153 
Skraup synthesis 71, 362, 703 


Sn2 reaction 102-108 
stereochemistry of, 160 

Sn2’ reaction 108 

Swi reaction 108 

Snl reaction 109-110, 397, 411 
stereochemistry of, 160 


sodium borohydride 652 
reduction of acid chlorides by 661 


reduction of aldehydes and ketones 
by 652 
reduction of imines by 669 
reduction of organomercury 
compounds by 203 
sodium dithionite, as reducing 
agent 670, 672 
sodium rubidium tartrate, absolute 
configuration of 144 
sodium trimethoxyborohydride, 
reduction of acid chlorides by 661 
sodium triphenylmethyl 49 
as basic catalyst 227 
solid-phase peptide synthesis 339 
solvating power 64 
solvation 11 
Sommelet reaction 614 
Sommelet rearrangement 448 
Sonn-Miiller reduction 664 
spirans, stereochemistry of 142 
Spni reaction 406 
stabilization energy 9, 25 
staggered conformation 27 
standard free energy 6 
standard state 5 
steady-state treatment 54 
Stephen reduction 665 
stereocentre 134 
stereoelectronic effects 159 
stereoselectivity 159 
steric hindrance, in electrophilic 
addition to alkenes 86 
in electrophilic aromatic 
substitution 351 
in esterification and hydrolysis 116 
in Friedel-Crafts acylation 367~ 
368 
in Friedel-Crafts alkylation 365 
in Grignard reactions 192 
in nitration 351 
in Sy2 reactions 105 
Stevens rearrangement 447-448 
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stilbene, cis-trans-photoisomerization 
of 505 
reduction of 636 
Stobbe condensation 220 
Strecker synthesis 246, 308, 329 
styrene, electrophilic substitution 
in 353 
from benzene 362 
radical-catalyzed addition to 558 
succindialdehyde, in Mannich 
reaction 266 
succinic acid, from acetylene 243 
succinic anhydride, with benzene 368 
succinimide, acidity of 47 
from succinic acid 317 
Hofmann bromination of 442 
sulfa drugs 698, 718 
sulfanilamide, from acetanilide 383 
Sulfanilic acid, from aniline 382 
from phenylsulfamic acid 453 
sulfapyrazine 718 
sulfathiazole 698 
sulfenic acids, derivatives of 625 
sulfides, oxidation of 625 
sulfinic acids, from Grignard 
reagents 196 
3-sulfolene, from butadiene 287 
sulfonamides, acidity of 46 
sulfonation, as a protective 
method 382 
of aromatic compounds, 381-383 
reversibility of 381-382 
sulfones, from sulfides 626 
sulfonic acids, acidity of 46 
from thiols 625 
sulfonium salts, ylides from 468 
sulfonyl chlorides, reduction of 673 
sulfonylation 383 
sulfoxides, elimination from 474 
from sulfides 625 
stereochemistry of 140 
sulfur, as dehydrogenating agent 606 
sulfur dioxide, with butadiene 124, 
287 
with Grignard reagents 196 
sulfur ylides 468 
rearrangement of 470-471 
sulfuryl chloride, in chlorination 531 
suprafacial 126 
Swern’s method 610 
symmetry-allowed reaction 126 
symmetry-forbidden reaction 125 
synthetic equivalent 680 
synthetic rubbers 543 


tartaric acids, stereoisomers of 140 
tautomerism 12 
Tebbe reagent 565 

with alkenes 566 

with carbonyl compounds 565-566 


telomerization 582 
p-terphenyl 607 
tetraacetyl-a-bromoglucose, from 
glucose 714 
tetrachloromethane see carbon 
tetrachloride 
tetradecane, from 1- 
bromodecane 202 
tetrahydrofuran, autoxidation of 556 
from acetylene 243 
tetrahydropyran 710 
tetrahydrothiophen, from 1,4- 
dichlorobutane 694 
tetralin, autoxidation of 557 
from naphthalene 642 
tetramethylethylene, with 
diborane 484 
thalliation 388 
thallium tris(trifluoroacetate), with 
p-xylene 388 
theobromine 721 
theophylline 721 
synthesis of 722 
thermodynamic control 68 
in aromatic sulfonation 356, 383 
in Friedel-Crafts alkylation 364 
in reduction of naphthalene 642 
thexylborane, from 
tetramethylethylene 484 
in synthesis of alkenes 491 
in synthesis of ketones 489 
with limonene 760 
THF | see tetrahydrofuran 
thiamine, catalysis of benzoin 
condensation by 247 
hydrogen-exchange in 247 
synthesis of 717 
thiazole, electrophilic substitution 
in 682 
thiazoles, synthesis of 698-699 
thiazolidines, synthesis of 699 
thioacetals 90 
thioctic acid, synthesis of 255 
thiohydantoin 219 
thioketals 90 
thiols, acidity of 46 
as chain-transfer agents 543 
from disulfides 672 
from Grignard reagents 195 
from sulfonyl chlorides 673 
oxidation of 625 
protection by benzylation 327 
radical-catalyzed addition to 
alkenes of 558 
with carbonyl compounds 90 
thionocarbonates, in alkene 
synthesis 465 
thiophen 39 
acetylation of 367 
chlorination of 386 


electrophilic substitution in 358 
iodination of 386 
natural sources of 692 
nitration of 377 
reduction of 693 
sulfonation of 382 
thiophen-3-carboxylic acid 618 
thiophenols, from diazonium 
salts 419 
thiophens 692-693 
Hinsberg’s method for 693 
thiourea, in synthesis of 
pyrimidines 716 
Thorpe reaction 229 
threose, stereochemistry of 136-137 
thymine 715 
tin, organic compounds of 538 
titanium, organic compounds 
of 565-568 
m-tolualdehyde, from m-xylene 600 
o-tolualdehyde 664 
p-tolualdehyde, from toluene 371 
toluene, acetylation of 368 
bromination of 534 
chlorination of 350 
electrophilic substitution in 350- 
351 
Friedel-Crafts t-butylation of 365 
Gattermann- Koch formylation 
of 371 
nitration of 350, 551 
radical-catalyzed chlorination 
of 599 
sulfonation of 382 
with sulfuryl chloride 534 
toluenc-p-sulfonates see tosylates 
tolucne-p-sulfonyl chloride, 
reduction of 673 
toluene-p-sulfonyihydrazine, use 
of 650 
o-toluic acid, from o-xylene 601 
o-toluidine, from aniline 472 
p-tolunitrile, from p-toluidine 413 
torsional strain 27 
tosyl chloride, in synthesis of 
tosylates 233 
tosylates, as alkylating agents 233 
in elimination reactions 97 
in pinacol rearrangement 435 
synthesis of 233 
transesterification 115 
transition-state theory 58-59 
translational entropy 9 
Traube’s method for purines 721 
trialkyl phosphites, with alkyl 
halides 458 
with aromatic nitro 
compounds 465 
1,3,5-triazine, synthesis of 723 
1,2,3-triazines, synthesis of 724 


1,2,4-triazines, synthesis of 724 
1,3,5-tribromobenzene, from 
aniline 414 
1,1,1-tribromopentane from 1- 
butene 537 
tributylstannane, in free-radical 
synthesis 538-541 
reduction of halides by 647 
reduction of thioesters by 646 
trichloroacetaldchyde, formation of 
hydrate 89 
reduction of 655 
trichloromethane see chloroform 
triethanolamine, from ethylene 
oxide 303 
1,3,5-triethylbenzene, from 
benzene 364 
trifluoroperoxyacetic acid, as 
aromatic hydroxylating agent 387 
as epoxidizing agent 589 
in Baeyer- Villiger oxidation 446 
oxidation of primary amines 
by 622 
3,3,3-trifluoropropylenc, with 
hydrogen chloride 84 
1,3,5-trihydroxybenzene, keto 
tautomer 14 
trimethylacetic acid, acidity of 44 
from pinacolone 619 
from t-butyl chloride 195 
1,2,3-trimethylbenzene, from o- 
xylene 644 
!,3,5-trimethylbenzene see 
mesitylene 
trimethylethylene, with diborane 484 
trimethyloxonium 
tetrafluoroborate 713 
1,3,5-trinitrobenzenc, from 
benzene 378 
from 2,4,6-trinitrotoluene 378 
with methoxide ion 403 
2,4,6-trinitrochlorobenzenc, 
hydrolysis of 400 
1,3,5-trinitrohexahydro-1 ,3,5-triazine 
724 
2,4,6-trinitrotoluenc, from 
toluene 378 
trioxan, from formaldehyde 258 
triphenylene, by photooxidative 
coupling 513 
triphenylmethanc, from benzene 645 
triphenylmethyl anion, basicity of 49 
triphenytmethyl chloride, as 
protective agent for amines 744 


as protective agent for primary 
alcohols 645, 736 
from benzene 361 
triphenylmethyl radical, dimerization 
of 523 
stability of 523 
triphosphopyridine nucleotide 721 
triplet state 498-499 
tris(triphenylphosphine)rhodium 
chloride, as reducing agent 633 
trityl chloride see triphenylmethyl 
chloride 
tropinone, by Mannich reaction 266 
tropone, structure of 40 
tropylium cation 40 
tryptophan, from gramine 265 
from indole-3-aldehyde 330 
in proteins 324 
tutocaine 267 
tyrian purple 689 
tyrosine, from p- 
hydroxybenzaldehyde 330 
in proteins 324 


Ullmann reaction 546 
ultrasonic irradiation 776 
af-unsaturated acids, by 
Knoevenagel reaction 225 
by Perkin reaction 218 
by Stobbe condensation 220 
aB-unsaturated aldehydes, by aldol 
condensation 211 
aB-unsaturated esters, by Claisen 
reaction 217 
af-unsaturated ketones, via Mannich 
reaction 265 
with organolithium 
compounds 198 
uracil 715 
urea from ammonium cyanate 313 
in synthesis of pyrimidines 717 
urethanes, from amines 317 
uric acid, in synthesis of 
adenosine 736 
urotropine see 
hexamethylenetctramine 
usnic acid, synthesis of 598 


valence tautomerism 287 
valence-bond theory 23 
valine, in proteins 324 

in synthesis of penicillamine 740 
veronal 716 
vibrational entropy 9 
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Vilsmeyer formylation 373 
vinyl chloride, addition of 
electrophiles to 84 
delocalization in 32 
dipole moment of 32 
radical-catalyzed addition of 
hydrogen bromide to 535 
vinyl halides, Grignard reagents 
from 187 
vinylacetylene, from acetylenc 547 
trans-vinylacrylic acid, in synthesis of 
reserpine 729 
vitamin A,, by Wittig reaction 461 
vitamin B, see thiamine 
vitamin B, see riboflavin 
vitamin C see ascorbic acid 
vitamin D, thermal isomerization 
of 292 
von Pechmann reaction 711 


Wacker process 578 
Wadsworth-Emmons reaction 460 
stercoselectivity of 461 
Wagner—Meerwein 
rearrangement 430-433 
Walden inversion 103 
water, heat of formation of 7 
Wilkinson’s catalyst 575 
in homogeneous 
hydrogenation 633 
Wittig reaction, 460~464 
rearrangement 449 
stereoselectivity of 461 
Wolff rearrangement 437 
Wolff{—Kishner reduction 649-650 
Wurtz coupling 196 


xanthates 296 

xanthopterin 719 

m-xylene, oxidation of 600 
o-xylene, oxidation of 601! 
p-xylene, formylation of 371 


yeast reductase, stereospecific 
reduction by 630 
ylides, 448 


Ziegler cyclization 229 

Ziegler catalyst in 
polymerization 568 

Zimmerman rearrangement 507 

zinc, organic compounds of 204 


